Genetic polymorphism of blood proteins in a population of shetland ponies by Buis, R.C.
f\Pi cPsiol && o 
GENETIC POLYMORPHISM 
OF BLOOD PROTEINS IN A 
POPULATION OF SHETLAND PONIES 
R. C. BUIS 
NN08201.660 
636.162.1.082.12:591.111.1:577.112 
R. C. BUIS 
GENETIC POLYMORPHISM 
OF BLOOD PROTEINS IN A 
POPULATION OF SHETLAND PONIES 
PROEFSCHRIFT 
TER V E R K R I J G I N G VAN DE GRAAD 
VAN DOCTOR IN DE LANDBOUWWETENSCHAPPEN 
OP GEZAG VAN DE RECTOR M A G N I F I C U S , 
DR. IR. J. P. H. VAN DER WANT, 
H O O G L E R A A R IN DE VIROLOGIE, 
IN HET OPENBAAR TE V E R D E D I G E N 
OP WOENSDAG 13 OKTOBER 1976 
DES N A M I D D A G S TE VIER UUR IN DE AULA 
VAN DE LANDBOUWHOGESCHOOL TE W A G E N I N G E N 
H. V E E N M A N & Z O N E N B . V . - W A G E N I N G E N - 1 9 7 6 
STELLINGEN 
I 
Bij het onderzoek van polymorfe kenmerken als genetische kentekens in po-
pulaties van landbouwhuisdieren moet meer waarde worden toegekend aan de 
parameters 'effectief aantal allelen' en 'gemiddelde heterozygotie', te schatten 
binnen en over loci, dan aan verdelingen van genotypen per locus. 
Dit proefschrift. 
II 
Kenmerken die gebruikt worden om de 'genetische afstand' tussen populaties 
te schatten behoeven niet noodzakelijk ongevoelig te zijn (geweest) voor se-
lectie. 
Ill 
De kans dat een onjuist opgegeven afstamming als zodanig kan worden aan-
gemerkt dient centraal te staan bij het tegen elkaar afwegen van kosten en ba-
ten van een programma voor afstammingscontrole. 
IV 
De genetische polymorfie van bloedeiwitten die bij honden van uiteenlopende 
rassen is aangetoond, is onvoldoende om daarop een georganiseerde afstam-
mingscontrole te baseren. 
V 
Bij de conservering van zeldzame huisdierrassen wordt niet altijd het belang 
onderkend van een fokprogramma dat behoud van maximale variatie garan-
deert. 
VI 
Bij het zoeken naar biochemische factoren met het doel, deze te gebruiken in 
de veefokkerij, mag niet worden voorbijgegaan aan de fysiologische betekenis 
van deze eigenschappen. 
VII 
De ontwikkeling en uitvoering van de bedrijfsdiergeneeskunde is gebaat bij 
een inbreng van zootechnici. 
VIII 
Het functioneren van landbouwkundigen en biologen op vergelijkbare terrei-
nen binnen de Landbouwhogeschool kan een goede basis vormen voor weder-
zijdse toenadering. Deze basis wordt helaas versmald door het bestaan van 
typisch teeltkundige en biologische vakgroepen. 
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1. I N T R O D U C T I O N 
Within many animal species genetic variation is observed in qualitative 
traits, resulting in discrete differences between phenotypes. This variation is 
called genetic polymorphism (FORD, 1940). Polymorphism concerns external 
traits like form and colour, and characters that are primarily revealed by labo-
ratory methods. Blood groups and biochemical polymorphisms belong to these 
characters. Blood groups are inherited antigenic substances on the red cell 
surface, and can be detected by immunological techniques. Since their discovery 
after 1900 in man and other vertebrate species, they appeared to constitute an 
important form of genetic polymorphism (see COHEN, 1962; RACE and SANGER, 
1962). Biochemical polymorphisms are inherited variants of enzymes and 
other protein compounds, present in various tissues and blood serum and red 
cells. These variants are usually detected by electrophoretical methods. The 
introduction of starch gel electrophoresis by SMITHIES in 1955 and its subse-
quent combination with enzyme histochemistry (HUNTER and MARKERT, 
1957) greatly stimulated the discovery of protein polymorphism. A widespread 
variation is observed in man (see GIBLETT, 1969) and other vertebrate and 
invertebrate species (see MANWELL and BAKER, 1970). 
My study mainly deals with biochemical polymorphism. The study of blood 
groups has largely contributed to the understanding of genetic polymorphism 
in general and therefore many aspects of blood group polymorphism will be 
considered here as well. 
There are different approaches to research on blood groups and protein 
polymorphisms. 
Firstly, the chemical basis of variation is studied. GIBLETT (1969) reviewed 
studies on the chemical basis of many genetic polymorphisms in humans. Blood 
group antigen specificities depend on different sugar residue compositions of 
oligosaccharides, bound to glycoprotein bodies on the red cell surface. Protein 
variation is based on differences in primary protein structure, where a single 
amino acid substitution may be enough to cause a different electrophoretic 
migration rate. 
Secondly, the biological significance of polymorphism forms a field of 
research, dealing with population genetical, ecological and physiological 
studies, often combined indissolubly. This can be demonstrated by research 
on sickle cell anaemia in man (ALLISON, 1954), gene frequency adjustment at 
the esterase-6 locus in Drosophila sp. (KOJIMA and YARBROUGH, 1967) and the 
possible role of transferrin variation in bacteriostatic action (MANWELL and 
BAKER, 1970, p. 30). Relevance and maintenance of polymorphism is still a 
controversial topic (KIMURA and OHTA, 1971; AYALA et al., 1974). 
Thirdly, genetic polymorphism is frequently used as a source of genetic 
markers in population genetic research. This application presumes selective 
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neutrality of polymorphism components. The use is based on the vast variation 
of genetic polymorphisms. Genetic markers are applied to distinguish and 
characterize populations, and in tracing processes like migrations within po-
pulations. The application of blood groups and biochemical polymorphisms 
in fish reviewed by D E LIGNY (1972) is an example. 
RENDEL (1957) described the use of blood groups in farm animals, where 
they are applied in parentage determination, twin diagnoses and breed struc-
ture analyses (detection of subgroups, estimation of degree of heterozygosity). 
They might contribute to farm animal improvement if there are associations 
between blood groups and other characters like production traits. BUSCHMANN 
and SCHMID (1968) described the same applications for serum protein poly-
morphisms. 
The first approaches can be considered as more fundamental for the under-
standing of polymorphism than the last one. The choice of materials is more 
deliberate, leading to the study of variation in natural populations, 'laboratory 
animals' (e.g. Drosophila, mouse) and humans. In the third approach economi-
cally important farm animal species are emphasized. The links between this 
approach and the fundamental ones originate mainly from the discussion on 
associations between genetic polymorphisms and other traits (see e.g. GILMOUR, 
1959; F. W. ROBERTSON, 1972). The nature and occurrence of polymorphism in 
farm animal populations may be affected by such associations. Thus the 
assumption of selective neutrality of genetic markers can be subject to dis-
cussion. 
GILMOUR (1959) discussed heterozygous advantage as a major force in the 
maintenance of polymorphic variation in blood groups, based on associations 
between blood group antigens and fitness traits in chickens. Such associations 
could be due to genetic linkage or pleiotropy, i.e. the control of different 
characters by closely linked genes or one single gene. A.ROBERTSON (1967) 
mentioned the possible use of biochemical polymorphisms in animal improve-
ment, also based on connections with fitness and heterozygous advantage. 
F.W.ROBERTSON (1972), however, was rather critical about the prospects of 
polymorphism in animal breeding. Because natural selection should be ulti-
mately responsible in polymorphism maintenance, he concluded that 'the hope 
of demonstrating an effect of fitness or economic performance on the vast 
majority of protein variants is likely to prove illusory'. Natural selection 
should be more important in natural populations than in farm animal popu-
lations under conditions of domestication. Because data on the population 
structure are required for a valid evaluation of genotype ratios, a problem 
arises in the study on polymorphism in natural populations where such data 
are not readily obtained. F. W. ROBERTSON recognized the role of heterozygous 
advantage in polymorphism as linked with fitness traits, and also drew attention 
to frequency-dependent selection (KOJIMA and YARBROUGH, 1967) in this 
respect. The question on the relevance of biochemical polymorphism in an 
animal population led to this study. 
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Scope of study 
I tried to find indications of balancing forces contributing to the maintenance 
of blood protein polymorphism in an animal population with the breeding 
structure of a livestock population. 
The study was based on a comparison of observed and expected genotype 
distributions of seven independent polymorphic protein loci in a Shetland 
pony population. The expected distributions were genetic equilibrium distri-
butions, adjusted for stratification of the breeding population. Also segrega-
tional genotype ratios were analysed. 
Although much research has been performed on protein polymorphisms 
in farm animals (see BUSCHMANN and SCHMID, 1968; MANWELL and BAKER, 
1970) it is difficult to draw general conclusions on polymorphism maintenance 
in these species. Often only one or two genetic systems were analysed. In ana-
lyses of genotype distributions the population structure, which can strongly 
influence the expected genotype ratios, is seldom included. Many studies cover 
only segregational data, thus considering only a limited aspect of polymorphic 
variation. There are many controversial results on this topic. The material 
used in farm animal polymorphism research is not always unbiassed and re-
presentative for the populations concerned, as it is often derived from paren-
tage testing programmes. As such, protein polymorphisms are suitable for 
genotype ratio analyses because they are almost exclusively coded by codo-
minant, autosomal alleles. Genotypes can be derived immediately and unequi-
vocally from the phenotypes so that protein polymorphisms have this advan-
tage over blood group analyses. 
During a parentage testing programme in the 'Laboratory for Animal Blood 
Group Research' in Wageningen, a larger variation in blood proteins was 
observed within horse and pony breeds than in cattle and pigs (with genetic 
systems routinely applied). Based on the typing of breeding stallions, Shetland 
ponies were superior in blood protein variation to the other equine breeds, 
bred in the Netherlands (Buis, 1974). 
The breeding purpose of these ponies is not described in such quantitative 
terms as that of economically important farm animals, but their breeding 
structure is comparable. If there is an association between biochemical poly-
morphisms and fitness traits, Shetland ponies are an advantageous material 
because they are kept under conditions of extensive housing and feeding. Thus 
their population is closer to a natural population than other farm animal 
species. Nevertheless data on the breeding structure are available (cf. F. W. 
ROBERTSON, 1972). 
In my study both aspects of genotype ratios (equilibrium distribution and 
segregational ratios) were combined. A random sample of foals and their 
mares was used for blood polymorphism typing. Their data were combined 
with the data on stallion blood polymorphisms derived from the parentage 
control programme, which completed the mare-foal family groups. 
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The layout of this thesis is as follows. First literature on biochemical poly-
morphism in farm animals and especially in horses, is reviewed together with 
a discussion of some aspects of genetic polymorphism. Because a description 
of the breeding structure of the Dutch Shetland pony is not available, one is 
given in the form of a genetic analysis to be used in the evaluation of polymor-
phism results. This analysis is largely based on the same foal sample as used in 
the investigation of blood protein polymorphism. Next the genotype distri-
butions are presented and discussed. 
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2. L I T E R A T U R E 
In this chapter literature on genetic polymorphism in farm animals relevant 
to the understanding of the maintenance of variation is reviewed with special 
attention to biochemical polymorphism in equine species. In advance some 
general aspects of polymorphism are discussed. The chapter closes with the 
recent discussion on relevance and maintenance of polymorphism based on 
theoretical and experimental research. 
2.1. G E N E R A L ASPECTS OF P O L Y M O R P H I S M 
2.1.1. Introduction 
A central concept in population genetics is the law of Hardy and Weinberg, 
developed in 1908, which FALCONER (1960) defined as follows: 'In a large 
random-mating population both gene frequencies and genotype frequencies 
are constant from generation to generation; in the absence of migration, mu-
tation and selection; and the genotype frequencies are determined by the gene 
frequencies'. A population fulfilling these conditions is said to be in genetic 
equilibrium. 
This definition implies selective neutrality of genes and genotypes when 
considered over generations. FISHER (1922) stated that gene frequencies at any 
locus should remain constant by heterozygous selective advantage, thus intro-
ducing an active mechanism for polymorphism maintenance. This mechanism 
is necessary to overcome the fixation effect of random genetic drift in popula-
tions of limited size in the long run. As a consequence, new genes introduced 
by mutation and without a positive selective value would have only a limited 
chance to be spread in the population, which holds also for genes with only a 
slightly positive selective value. FISHER (1930) estimated that the chance of 
losing a mutant gene from a population within the first seven generations was 
79% for a neutral mutant and 78% for a mutant with 1% selective advantage. 
In fitness traits, a selective value of < 1% is realistic (F. W. ROBERTSON, 1972). 
Thus the initial chance of gene elimination by random drift is very high. The 
incorporation of any new gene in a population leads to polymorphism, at least 
for a certain period, but may be followed by gene replacement in the long run 
when a gene has a positive selective value or the benefit of random drift. 
The above remarks on polymorphism maintenance and gene replacement 
are concerned with different forms of polymorphism. FORD (1940) defined 
one type as balanced polymorphism, i.e. 'the occurrence together in the same 
habitat of two or more discontinuous forms of a species in such proportions that 
the rarest of them cannot be maintained by recurrent mutation'. Another type, 
in which gene replacement is involved, was called transient polymorphism, 
referring to a temporary variation. FORD'S definitions applied to phenotypes 
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but they hold equally for genotypes. In this chapter balanced polymorphism 
will be emphasized because in the study of genetic polymorphism in farm 
animals this type received most attention. 
2.1.2. Balanced polymorphism 
A crucial point in the balanced polymorphism concept is the existence of 
balancing selective forces to compensate for genetic drift in populations of a 
limited size. FORD (1965), CROW and KIMURA (1970) and MANWELL and BAKER 
(1970) described several possible selective forces which may be responsible for 
polymorphism maintenance. 
Heterozygous advantage, favouring heterozygous genotypes over homo-
zygous ones has already been mentioned as an important force. It does not 
necessarily lead towards equal gene frequencies, depending on the relative 
selective value of either homozygote. In a two-allelic system where the selective 
value of the heterozygote genotype (e.g. A1A2) is taken as unity, and the 
selection coefficients of both homozygotes are S t and S2 for the genotypes 
AXAX and A2A2, the gene frequencies of Ax andA2 will be equal to S2/(S! 4- S2) 
and S J ^ + S2) under genetic equilibrium conditions (Li, 1955). This mecha-
nism gained much attention in the concept of balanced polymorphism (FORD, 
1965). 
Frequency-dependent selection favours low-frequencyalleles in a population. 
Thus its action is not constant for all alleles over a longer time period, and it 
even promotes frequency fluctuations. It plays an obvious role in situations 
where it is relevant to maintain many genotypes, e.g. in mimicry (CAIN and 
SHEPPARD, 1954). It may be especially effective in the maintenance of poly-
morphism in multi-allelic systems, e.g. transferrin variation in vertebrate 
species living in large herds. Transferrin might play a role in disease resistance 
by its bacteriostatic action (see MANWELL and BAKER, 1970, p. 30). In such si-
tuations it is difficult to distinguish between heterozygous advantage and fre-
quency-dependent selection: in a multi-allelic system there is a relatively high 
frequency of heterozygotes. 
Cyclical selection is another alternative, promoting the existence of different 
alleles or genotypes in different life stages or phases of development. It may 
operate primarily by variation in environment (e.g. seasonal variation) or by 
variation on the individual level (e.g. in marine species with a planctonic life 
stage in their life cycle). Of course interactions between both are possible (e.g. 
in amphibians and insects with strong differences between larval and adult 
habitat). 
Often several types of forces maintaining polymorphism may operate 
simultaneously or successively in a population. The overall effect can not 
easily be split up in individual components. Moreover the need for 'active' 
selective forces depends on the (effective) population number. In very large 
populations neutrality may be enough for the maintenance of variation. In all 
situations the gross effect of several selective forces operating together may 
lead to apparent neutrality, also in smaller populations. The exact nature of 
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selective mechanisms can be revealed by thoroughly detailed experiments, not 
easy to perform in farm animal populations. 
2.1.3. The analysis of polymorphism 
The difference between transient and balanced polymorphism is principally 
expressed as the degree of gene frequency constancy over (many) generations 
under constant environmental conditions. This situation is only encountered 
in experimental populations. Deviations of gene frequencies over a period of 
time may be due to selection or random drift (or both). Genetic drift is caused 
by the sampling variance in the sampling of genes from one to the following 
generation and depends on the gene frequency of any allele and the (effective) 
population number: V = p(l-p)/Ne, where V = gene frequency variance, p = 
allele frequency and Ne = effective population number (see e.g. CROW and 
KIMURA, 1970). Thus a large effective population number can reduce the 
influence of drift. Especially in smaller populations it will be difficult or im-
possible to decide on either effect. 
Selection can be expressed in deviations of gene and genotype ratios from 
expectations based on neutrality. Usually a goodness-of-fit test (e.g. chi-square 
test) is used to test the significance of deviations. MANWELL and BAKER (1970) 
remarked on some problems with both the analysis of equilibrium genotype 
ratios in a population and the analysis of segregational data. 
There are two common situations in which a surplus or shortage of hetero-
zygotes may be present. These are not caused by selective advantage or dis-
advantage but by the population structure. Firstly, as A.ROBERTSON (1965) 
pointed out, a gene frequency difference in the parents can cause an excess of 
heterozygotes in the offspring. This excess amounts to ^(qx—q2)2, where qx and 
q2 are the respective parental gene frequencies, relative to the expected number 
of heterozygotes when q1 = q2. This excess equation holds for a two-allelic 
system. Secondly, a population may consist of several subgroups. This stratifi-
cation leads to gene frequency differences between the subgroups. If this 
occurs, a random sample from the total population will contain more homo-
zygotes than from a homogenous population relative to random mating (Li, 
1955). 
In analysing segregational distributions these problems are not relevant. 
Here another source of bias may occur. In the analysis of segregation specific 
heterozygous genotypes are selected in the mating data. Thus it is possible 
that traits other than those selected for are involved, based on genetic linkage 
or epistasis. This bias caused by the 'genetic background', however, is not very 
relevant in random mating populations. 
2.1.4. Blood groups and biochemical polymorphisms in man 
The study of blood groups in man preceded research on blood groups and 
protein polymorphisms in farm animals. Some aspects of this study are given 
below. 
FORD (1942) was the first to consider the human blood group systems ABO, 
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MN and Rh as balanced polymorphisms. The incorporation of blood groups 
in this concept contributed to the understanding of polymorphism in a diffe-
rent way from external traits (colour, form etc.). FORD ascribed an important 
role to heterozygous advantage in the maintenance of blood group variation, 
although there was no real evidence. Initially, BOYD (1940) and WRIGHT (1940) 
stated that blood groups might be selectively neutral and that therefore they 
could serve as genetic markers in studies of races and tribes. 
In 1955, BOYD was more convinced of the existence of selective forces in 
blood groups. By this time the descriptive approach of physical anthropology 
had been replaced by a more analytical approach, with the study of forces 
acting upon populations. BOYD considered it practically impossible for the 
synthesis of a general model to explain the maintenance of blood group poly-
morphism: in natural selection selective advantages of 0.1% to 1.0% were 
relevant, and it would require enormous samples, generally not available, to 
trace this selection. 
Apart from selectional forces originating from environment, also stabilizing 
influences upon gene frequencies of blood groups were described as connected 
with the genetic background of populations. NIJENHUIS (1965) demonstrated 
that human blood group frequencies differed considerably between races 
within the same geographical area. Also ethnic groups from the same origin 
corresponded in their blood group gene frequencies although living in different 
regions, as did the various Indian tribes in different parts of North and South 
America. NIJENHUIS ascribed this phenomenon of stabilizing to the 'genetic 
environment' within the different populations. 
Evidence for selection associated with blood groups is derived from resistan-
ce to disease. MAYO (1972) reviewed for instance the relations between the 
occurrence of blood group A and stomach cancer in humans, and between 
blood group O and duodenal ulcer. In these cases any polymorphism balancing 
mechanism may result from a co-operation of various influences. However, 
the usefulness of such relations in natural selection is restricted because many 
diseases occur more frequently in older individuals, who contribute only to a 
limited extent to reproduction. Thus only one aspect of fitness (i.e. viability) 
will be covered. 
A powerful selective force is observed in maternal-foetal incompatibility in 
humans due to immunization of a Rh negative mother by a Rh positive foetus. 
There is no evidence of a balancing mechanism to compensate for this selection 
against the Rh negative gene (GIBLETT, 1969, p. 315). Nevertheless the Rh 
polymorphism is persistent. 
ALLAN (1954) reported differences in viability and fertility between men and 
women, related to the ABO blood groups. In the age class 8-18 years an in-
crease of the frequency of the B group (relative to A and O) occurred in females, 
and a decrease in males. Women with the B group had a higher incidence of 
abortion, however. In men, fertility was highest for those with the B group, at 
least at a younger age. These observations may indicate a form of cyclical 
selection, associated with blood group polymorphism. Sex dimorphism may 
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thus contribute to the maintenance of polymorphism. 
Direct evidence of the maintenance of polymorphism dependent on hetero-
zygous advantage is based on the sickle-cell trait polymorphism (ALLISON, 
1954). Individuals, homozygous for the sickle-cell trait suffer from severe 
anaemia, whilst heterozygous individuals have a higher resistance to malaria 
than the normal homozygotes. Two more polymorphisms are geographically 
associated with the sickle-cell trait polymorphism (MAYO, 1972). 
The given examples of polymorphism maintenance and relations with other 
traits are far from exhaustive. They merely indicate which influences may play 
a role in the maintenance of polymorphism when the variant traits are not 
immediately externally visible (cf. FORD, 1965). 
2.2. GENETIC POLYMORPHISM IN FARM ANIMALS (EXCEPT HORSES) 
This section mainly deals with biochemical polymorphism in farm animals, 
although results on blood groups are considered where they contribute to the 
understanding of genetic polymorphism in farm animals. The most overt 
relations between blood group loci and other traits in farm animals were 
observed in chickens. These relations mainly concern fitness traits. I shall first 
consider some results of poultry blood group research before treating protein 
variation in other farm animals. 
2.2.1. Blood group research in poultry 
GILMOUR (1959) reviewed blood group research in chickens. An important 
issue was the segregation of blood group loci in inbred strains. In four Rease-
heath lines with calculated inbreeding coefficients ranging from 98.6% to 
99.4%, segregation was observed for 4 independent blood group loci in three 
strains and for 2 loci in one strain. This continuous segregation occurred 
especially in the B locus. GILMOUR also reported a selective advantage in fitness 
for blood group heterozygotes: for one individual locus (L) a positive asso-
ciation between heterozygosity and fitness was observed, whilst for 4 other loci 
an overall effect of their heterozygosity on fitness was observed. These effects 
were also observed in inbred strains. BRILES and ALLEN (1961) studied survival 
and egg production in inbred chicken strains in relation to B locus genotypes, 
with a relatively large material (more than 7000 individuals). They observed an 
interaction between two different homozygous genotypes and livability in two 
different periods (juvenile, adult). In certain lines there was a shift in relative 
effectiveness of the two homozygous genotypes. Also an effect of genotypes of 
blood group B on egg production was observed, generally indicating hetero-
zygous advantage. Thus, the overall effect of the B locus was that of hetero-
zygous superiority in viability and reproduction. MORTON et al. (1965) studied 
the effect of the B locus and egg-white polymorphism in a relatively non-inbred 
strain. They observed a general effect of heterozygous superiority of blood 
group genotypes in relation to hatchability. The egg-white loci appeared to be 
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linked to embryonic mortality but not in a way to guarantee polymorphism 
maintenance only based on the hatchability data. 
The results in chicken blood group research were stimulative in the search 
for associations between heterozygous superiority for blood groups and protein 
polymorphism in other (farm) animals (cf. A. ROBERTSON, 1967). 
2.2.2. Protein polymorphism in cattle, pigs and sheep 
Cat t l e 
In cattle most variation occurs in serum transferrin, i.e. iron-combining 
P globulin. This polymorphism has been extensively studied for associations 
with other traits. In most breeds three alleles were observed initially: TfA and 
Tf occurring most frequently and Tf with a low gene frequency. The allele 
Tf was later subdivided in Tf1 and Tf2 (see review in BUSCHMANN and 
SCHMID, 1968). 
ASHTON (1958a) suggested an association between the occurrence of Tf and 
higher resistance against climatological factors. This was not confirmed in 
later research. With reproduction, ASHTON (1959) observed a higher number 
of mother-like offspring from both homozygous and heterozygous (TfA, AD 
and D) dams in a limited sample of Friesian and Ayrshire cattle. In Jersey and 
Shorthorn cattle, ASHTON (1961) observed that matings between animals homo-
zygous for the Tf locus (alike or different) were more successful than those 
involving heterozygotes. ASHTON (1961) suggested that this homozygous 
superiority in fertility was compensated by a superior viability in heterozygotes. 
Thus a balanced polymorphism should be maintained. The existence of poly-
morphism based on this view could not be confirmed by others (see BUSCH-
MANN and SCHMID, 1968). 
Breed differences may play an important role here, especially in genetic 
linkage. KRAAY (1970) stated that for linkage, in one population the coupling 
phase might predominate, and the repulsion phase in another, when poly-
morphic protein loci would be linked with loci for other characters. Thus 
results would only hold for the population in which they were observed and 
only for the time of analysis. 
PIRCHNER et al. (1972) could not demonstrate a relation of blood groups, 
transferrin and haemoglobin with milk production and milk fat percentage in 
Austrian cattle breeds. The same holds for the association between transferrin 
and fertility in Hungarian cattle (GIPPERT et al, 1972). The analysis of BRUM 
et al (1970) to reveal relations between blood and milk protein polymorphism 
(7 blood group systems, |3 lactoglobulin and a Si and p casein), and size 
measures of 2600 Holstein heifers (USA) yielded no positive correlation. 
The above mentioned results only indicate which kinds of selective forces 
may be expected in respect to protein polymorphism in cattle. So far no 
definite links or pleiotropic effects are known about cattle protein variation. 
Breed effects may be very important. A problem in evaluation of published 
results is that 'positive' results may be overestimated. 
*^ Meded. Landbouwhogeschool Wageningen 76-4 (1976) 
The relatively good agreement in transferrin gene frequencies between breeds 
(see BUSCHMANN and SCHMID, 1968) points to the existence of a balanced poly-
morphism. The low frequency of Tf in almost all cattle breeds is especially 
suggestive in this respect. 
Pigs 
In pigs, biochemical polymorphisms are primarily associated with aspects 
of growth and fertility. Consistent results are hard to obtain. FESUS and RAS-
MUSEN (1971) observed no relation between transferrin types in Duroc and 
Yorkshire pigs and their cross, and fertility traits (litter size, weaned piglets). 
KRISTJANSSON (1964) observed that matings of Tf B boars with Tf AB sows 
(Yorkshire and Landrace) were less succesfull than all other mating types, 
classified for transferrin. JENSEN (1968) mentioned a breed-dependent result: 
Duroc pigs with the allele Tf showed a higher weight than their breed mates 
with Tf, whilst the contrary was true for Hampshire pigs. 
IMLAH (1970) observed that in closely related pigs of pooled British inland 
breeds (mainly including Large White breed), pigs homozygous for Tf were 
also homozygous for a recessive, early embryonal lethal factor. All matings 
between Tf heterozygous pigs resulted in a shortage of such piglets. However, 
in pure Saddleback pigs this factor could not be revealed. Imlah concluded that 
there was a difference in the linkage situation of the breeds due to the different 
breed background. 
Sheep 
In sheep mainly transferrin and haemoglobin have been studied. FESUS 
(1970) observed deviations from expected equilibrium distributions of trans-
ferrin genotypes in five breeds of sheep (Hungarian Merino, Hungarian Black 
Racka, Hungarian White Racka, Cigaja and Karakul). 
The deviations consisted of excesses of Tf BD types, and had also been 
observed by other authors in other breeds (cf. FESUS, 1970). FESUS and RAS-
MUSEN (1971) observed an excess of Tf heterozygotes in Suffolk and Targhee 
sheep. RASMUSEN and TUCKER (1973) observed this excess in Finnish Landrace 
and Clun-Forest sheep and concluded that there might be a general tendency 
towards heterozygous advantage, although they observed some exceptions. 
They proposed that the surplus of Tf BD sheep might be caused by the breed 
structure (e.g. a difference in frequency for Tf alleles in ewes and rams). 
RASMUSEN et al. (1974) investigated the influence of inbreeding on 8 loci 
(blood groups, Tf and Hb) in three sheep breeds and their crosses. They obser-
ved a decrease in heterozygosity with the exception of transferrin, where only 
at > 25% inbreeding was some decrease found. This decrease was most 
pronounced within the pure breeds (cf. the results of chicken blood group 
research, Section 2.2.1.). 
2.2.3. Conclusion 
It seems impossible to detect forces generally valid for the maintenance of 
Meded. Landbouwhogeschool Wageningen 76-4 (1976) 11 
genetic polymorphism in farm animals or definite relationships with other 
traits. However there are various forces to elucidate the apparent stability of 
polymorphisms, such as heterozygous advantage, mother-foetus incompati-
bility in combination with cyclical selection etc. In general the various results 
are hard to compare (different species and breeds, different numbers of animals 
and methods of calculation, and different polymorphic systems). This con-
clusion was also made by MATOUSEK (1970) in a review on the relation of poly-
morphic and antigenic substances to the fertility of farm animals. MATOUSEK 
expected more results from the study of enzymatically and physiologically im-
portant variant substances. F .W.ROBERTSON (1972) had the same opinion. 
MANWELL and BAKER (1970),- reviewing the literature on polymorphism in 
many animal species, including farm animals, observed that shortages and 
excesses of heterozygotes were reported with approximately equal frequency. 
2.3. BIOCHEMICAL POLYMORPHISM IN HORSES 
In this study the term horse will be used to include horses and ponies. There 
are no essential differences between their blood groups and protein polymor-
phisms. 
Biochemical polymorphism and blood group research in a modern sense 
were developed later in equine species than in other farm animals because of the 
relatively late interest of horse breeding organizations for parentage control. 
The polymorphic variation in horses is mainly used for identification and 
population genetic studies (SANDBERG, 1974; SCHLEGER and MAYRHOFER, 
1973). So far the observed variation seems to exceed that found in other farm 
animal species for the same or comparable proteins and enzymes, considered 
within breeds. Most literature concerns descriptions of polymorphic systems 
in various breeds with genetic equilibrium and segregation analyses as a control. 
Only scarce data are available for the explicit analysis of the role of genetic 
systems in polymorphism. 
The term genetic system or protein system indicates the protein variants 
controlled by the alleles of one locus. Symbols for loci, alleles and genotypes 
will be given in italic. 
2.3.1. Polymorphic protein systems 
ASHTON (1958b) was the first to demonstrate, by starch gel electrophoresis, 
individual variation in serum proteins in horses. The genetic backgrounds for 
the systems were revealed afterwards and depended mostly on codominant, 
autosomal alleles. As far as I know, no physiological differences of any of the 
listed proteins have been observed between their electrophoretically different 
variants. Most alleles are present in various breeds, with more or less different 
gene frequencies between breeds. 
Serum p ro t e in sys tems 
Albumin {At). STORMONT and SUZUKI (1963) demonstrated the existence of 
z
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two alleles to control albumin phenotypes, AlA and AlB. BRAEND and EFREMOV 
(1965) confirmed this and proposed another nomenclature, A? and Als. 
Albumin has a general transport function because of its affinity for fatty acids, 
vitamins, hormones and metal ions. It can act as a depoisoning agent because 
of its affinity for pharmaca and heavy metals. 
Transferrin (Tf). BRAEND and STORMONT (1964) proved the occurrence of 6 
transferrin alleles (Tf, Tf, Tf, Tf, Tf, Tf) and demonstrated autoradio-
graphically that the fractions, controlled by those alleles, could bind iron and 
thus indeed belonged to the transferrins. GAHNE (1966) confirmed this varia-
tion. Transferrin can have a bacteriostatic effect and may thus contribute to the 
individual's resistance. 
Prealbumin (Pr). GAHNE (1966) demonstrated four alleles (PrF, Pr1, Pr1-
and Prs) which number was enlarged by BRAEND (1970) by the addition of 
PrN, PrT, Pru and Prw. Prealbumin is a transport medium for thyroid-hor-
mones. 
Esterase (Es). GAHNE (1966) described a system for serum-arylesterases 
consisting of four alleles, Ef, Es1, E^ and Es°. Although the first three are 
codominant, they are dominant over Es° which when homozygous causes no 
activity zone in a stained starch gel. Esterase is a serum enzyme usually demon-
strated with a synthetic ester (oc naphthyl acetate) and dye coupling of the re-
leased a naphthyl (see GAHNE, 1966). Its physiological function is unknown. 
Red cell p r o t e i n s 
Red cell proteins are demonstrated with red cell haemolysates, prepared in 
advance before electrophoresis by lysis of red cells. 
Haemoglobin (Hb). Although CABANNES and SERAIN (1955) first described 
genetic polymorphism for haemoglobin after paper-electrophoretical analysis, 
SCHMID (1965) proposed a genetic system for the variation, with the alleles HbA 
and Hb". The variation is of a quantitative nature. Whereas horse Hb shows 
two fractions, only the slower one varies. The HbA HbA genotype controls a 
full band, for the HbAHba heterozygote it is more faint and for the Hb'Hb" 
homozygote the band is absent. 
Carbonic anhydrase (CA). SANDBERG (1970) described five alleles in the 
carbonic anhydrase system: CAF, CA1, CAL, CA° and CAS. Although carbonic 
anhydrase is essentially an enzyme, its presence can be demonstrated by simple 
protein staining. It catalyses the reaction C 0 2 + H 2 O t » H + + HC03~ and is 
thus effective in releasing carbon dioxide from the pulmonary capillaries. 
Catalase (Cat). The catalase system was introduced by KELLY et al. (1971) 
as showing a polymorphism caused by the alleles CatF and Cats. This red cell 
enzyme can only be demonstrated by a special staining procedure (see KELLY 
et al., 1971). It is highly effective in the reduction of H 2 0 2 and may destroy this 
component when it is formed by flavoprotein oxidase activity in the red cell. 
M o r e p o l y m o r p h i c sys tems 
Besides the serum and red cell protein systems mentioned, a few more are 
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known. They consist mainly of red cell enzyme systems (see BENGTSSON and 
SANDBERG, 1973). They are not included in this literature review because there 
are no population genetic data available. Moreover I shall not include them in 
the analysis of genetic quilibrium. Their presence has to be determined by 
means of fresh samples, which yielded technical and organizational problems. 
SCHLEGER and MAYRHOFER (1973) described variation for the serumprotein 
ceruloplasmin. This variation has not yet been fully analysed from a genetic 
point of view and moreover the two alleles are not codominant. The serum 
proteins haptoglobulin (BRAEND and STORMONT, 1964 and HESSELHOLT, 1967), 
as well as amylase (HESSELHOLT, 1967) showed no polymorphism in horses. 
2.3.2. Genetic equilibrium and segregation 
Although most authors supplied no population sample data, it was possible 
to make some conclusions on the tendency of genotype distributions to deviate 
from randomness. Literature on the investigation of genetic equilibrium and 
segregation of horse protein polymorphisms is reviewed in Tables 2.1 and 2.2. 
Table 2.1 gives all breeds in which either Tf or Al were analysed. Table 2.2 
gives all breeds with at least two systems analysed. Asterisks indicate signi-
ficant deviations from randomness. The most valuable data come from popula-
tions in which more systems were analysed. Here the lack of population data is 
compensated to some degree. So as not to loose information, almost (p < 0.10) 
TABLE 2.1. Survey of horse breeds, analysed for genotype distributions of the systems trans-
ferrin or albumin. 
Transferrin 
Horse breed and 
origin 
Icelandic horse 
Boulonnais horse, 
France 
Tarpan horse, Poland 
Mur-Insulan horse, 
Yugoslavia 
Bulgarian Mountain 
horse 
Bulgarian Pleven horse 
Bulgarian Danube 
horse 
Hungarian Thorough-
bred horse 
Sample 
size 
925 
174 
114 
84 
70 
117 
94*) 
208 
Ref.1) 
2 
3 
4 
6 
5 
5 
5 
7 
Albumin 
Horse breed and 
origin 
USA Thoroughbred 
horse 
USA Shetland pony 
Quarter horse, USA 
Arabian horse, USA 
Standardbred horse, 
USA 
Sample 
size 
63,*) 392 
119,*) 251*) 
201 
261 
78 
Ref.1) 
1,8 
1,8 
8 
8 
8 
») 7, STORMONT and SUZUKI, 1963. 2, HESSELHOLT, 1967. 3, PODLIACHOUK et al 1967 4 To-
MASZEWSKA and ZURKOVSKY, 1970. 5, DOBREV et al., 1972. 6, PODLIACHOUK et al. 1972. 
7, Soos et al., 1972. 8, SUZUKI and STORMONT, 1974. 
*) Deviation reported or observable, see text. 
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significant deviations were included in the review. These are only considered 
in the final conclusions when tendencies confirm each other. 
Transferrin. In this system (23 population samples) only once a significant 
deviation from genetic equilibrium was observed (Bulgarian Danube breed 
with Tf DF excess and Tf F shortage, p < 0.05). The authors did not indicate 
the deviation as such. There was a lack of population data. There was no 
further evidence on deviations from genetic equilibrium or in segregation in 
transferrin inheritance. 
Albumin. In transferrin only genetic equilibrium was usually investigated. 
For albumin genetic equilibrium and segregation were investigated, because 
the system is simpler. There was no clear tendency in the deviations from equi-
librium. In Fjording horses too many (p <0.10) Al FS horses were found, 
against a heterozygous shortage in South African riding horses (p < 0.05). 
In Dutch Trotters, there was also a heterozygous shortage (p <0.10). These 
deviations were not discussed by the authors. 
The deviations of expected 1:1 ratio in segregation are summarized in Table 
2.3. Pooled reciprocal matings are supplied with brackets. The results on 
Thoroughbreds and Shetland ponies originated from two different sources. 
Mostly an excess of Al FS offspring was reported. SANDBERG (1974) mentioned 
an Al S excess and concluded that it occurred only in the pooled reciprocal 
matings at 5% significancy level. He gave no further conclusions about this 
deviation. The other two deviations might suggest heterozygous advantage, 
although the authors did not go into details either. 
In Table 2.3 also the albumin gene frequencies are given. The observed 
deviations might suggest frequency-dependent selection at the Al locus. This 
suggestion was not further supported: for the Gotland pony, where q AlF = 
0.150, no deviations were traced, nor for the Dole breed with q AlF = 0.580. 
Haemoglobin. The combined results of segregation data for North Swedish 
Horse and Swedish Trotter for matings of Hb Aa x Aa yielded a significant 
TABLE 2.3. Deviations in segregation of albumin. 
Breed, origin 
Thoroughbred, USA 
Shetland pony, USA 
Salernitaner, I 
Swedish Trotter, S 
/4/frequencies 
F 
0.214 
0.387 
0.340 
0.538 
S 
0.786V1 
0.613/ 
0.660 
0.462 
Mating type 
(S x FS) 
F S x S 
(FS x S) 
Al phenotypes 
P ) 
FS S 
28 13 (1963) < 0.01 
101 69 (1974) < 0.01 
27 15 < 0.10 
259 307 <0.05 
') Significance 
2) Two breeds pooled, two different references, see TABLE 2.1. 
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(p < 0.01) shortage of Hb a offspring. No other deviations were found or 
described. Again some kind of frequency-dependent selection might be sup-
posed, because the Hb " frequency in North Swedish Horse is relatively high 
(0.322). Thus a reduction of this frequency could be expected. In the other 
breeds included, however, the Hb" frequency is only 0.070. Thus the observed 
phenomenon here would lead to extinction of variability, finally. Moreover, 
for Norwegian Trotters the Hb" frequency is also 'high', being 0.260, and there 
are no deviations. 
Prealbumin. Only in the Dutch results were deviations observed in general 
genotype distribution, for Trotters, Riding horses and Arabians. All deviations 
consisted of heterozygous shortages for various alleles (PrF, Pr1, PrL and Prs). 
No links with gene frequencies could be found. The material consisted of 
approved stallions. There were no systematic differences between the three 
deviating and non-deviating groups. 
Hardly any attention had been paid to the various population structures, 
until SCHLEGER and Soos (1970) investigated transferrin inheritance in Lipiz-
zaner horses. These horses, bred separately in Austria, Hungary and Czecho-
slovakia, had been separated since about 1935. They originated from the same 
stock. The distribution of T/types deviated significantly (p < 0.05) from Hardy-
Weinberg expectations when all groups were pooled. However, within groups 
they fitted with expectations. There were considerable differences in Tf fre-
quencies between the groups (172, 163 and 121 horses), which the authors 
ascribed to their different breeding purposes. The first group was bred for the 
classic school, the second for (ordinary) riding and the third as draft horse. 
There are two remarks. Firstly, the lack of significant deviations in the separate 
groups might be caused by their lower numbers compared with the pooled 
group. Secondly, the 7/differences might well be caused by chance by the use of 
different stallions irrespective of selection criteria. Both Austrian and Czecho-
slovakian populations were found to contain exactly the same haemoglobin 
frequencies. 
2.3.3. Conclusion 
In literature only a limited number of deviations from genetic equilibrium 
expectations are mentioned or can be traced. For transferrins, most approaches 
concern 'equilibrium' genotype distributions, whereas in albumins many 
segregational data are supplied. This is dependent upon the nature of both 
genetic systems, where especially for transferrin segregation data with suffi-
cient numbers are hard to obtain. Because most deviations are found in segre-
gation, population data are less important than they would be in the explana-
tion of deviations from genetic equilibrium distributions. The lack of popula-
tion data is compensated in ten breeds (Swedish and Dutch) by the simultaneous 
analysis of at least four systems. In these breeds only a few deviations were 
found (see Table 2.2). 
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The most significant and in the same time contradictory results were found 
for the albumin system. Furthermore in horses there were only incidental 
deviations from equilibrium as far as could be concluded from literature data. 
2.4. FUNDAMENTAL STUDY OF POLYMORPHISM 
In this section we will deal with the more fundamental discussion on the 
significance of genetic polymorphism. This discussion has been stimulated 
largely by the introduction of starch gel electrophoresis (SMITHIES, 1955) and 
the subsequent discovery of a widespread variation. It was developed parallel-' 
to the detection of many polymorphic systems in farm animals. The subject will 
be treated by considering the frequency of variation, followed by a theoretical 
approach and more direct experiments on the nature of polymorphism. It is 
essential to realize which polymorphism, whether transient or balanced, is 
being discussed. 
2.4.1. Evaluation of field data 
The determination of the amount of polymorphic variation revealed a 
remarkable similarity between animal species. HARRIS (1966) observed that 
three out of ten arbitrarily chosen human blood enzymes were polymorphic. 
LEWONTIN (1967) estimated a proportion of polymorphic loci of 36% with an 
average heterozygosity of 16%. This estimate was based on data of 33 blood 
group systems in man (RACE and SANGER, 1962). LEWONTIN and HUBBY (1966) 
observed in Drosophila pseudoobscura polymorphism at 7 out of 18 randomly 
chosen protein loci (39%), and estimated that the average population was poly-
morphic for 30% of all loci. They observed heterozygosity at 12% of the loci. 
Their material (6 populations) was limited in sample size and the populations 
were bred for many generations in laboratory circumstances, thus these per-
centages can be considered as underestimations of polymorphism. SELANDER 
and YANG (1969) estimated 30% of loci being polymorphic in 40 randomly 
chosen proteins and enzymes within a limited sample of mice populations. 
They observed a higher number of polymorphisms for enzymes than for non-
enzyme proteins, and estimated an average heterozygosity of 11%. 
Although LEWONTIN and HUBBY (1966) could not make any definite con-
clusions about this high polymorphism rate, they discussed some possibilities. 
They excluded complete neutrality of the variants, because a too high risk of 
fixation would exist, that could not be compensated by the usual mutation 
rates. On the contrary, the acceptance of heterozygous advantage as a variation 
maintaining force would supply the populations with a too high segregational 
genetic load, when we take into account that one-third of the loci was poly-
morphic (cf. HALDANE, 1957). They avoided this dilemma by assuming that 
either the intensity of selection by heterosis would decrease with an increasing 
number of polymorphic loci, or that only a part of these loci is kept polymorphic 
in an active way, the remainder being the result of an earlier selective influence. 
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For which class of proteins may active selective forces be assumed ? SELANDER 
and YANG (1969) observed a higher degree of polymorphism in enzymes than 
in other proteins. They classified the enzymes according to the degree of speci-
ficity and observed that those with a broader specificity were more polymorphic 
MANWELL and BAKER (1970) suggested another relation, based on a literature 
review. In some enzymes hybrid zones are observed when they are in hetero-
zygous state. These zones are regions with an extra activity, observed in an 
electrophoretogram. Enzymes giving more heterozygotes than expected 
according to the law of genetic equilibrium should belong to the group of 
enzymes with hybrid zones more often. 
It seems reasonable to conclude that there are different possible forces for 
maintenance of variation, according to the different nature of enzymes and 
other proteins. 
2.4.2. Theoretical considerations 
Evidence on polymorphism structure as discussed in this section is based 
mainly on theoretical starting points, not directly connected to polymorphism. 
KIMURA and CROW (1964) drew attention to neutral mutant genes and pro-
posed a formula for the estimation of the number of neutral mutants, main-
tained in a population per locus. This number is 4 Ne u + 1, where Ne = ef-
fective population size, and u = mutation rate. Thus in small populations most 
loci should be fixed, and in very large ones a high degree of polymorphism 
should occur. KIMURA (1968) emphasized these neutral mutants and estimated 
an average time of replacement of one nucleotide pair in each genome of 1.8 
years, based on evolutional data from the structure of cytochrome C, haemo-
globin and triose-phosphatedehydrogenase. This result should mean that 
mammalian evolution proceeds on average with the mutation of one nucleotide 
pair every two years per population. HALDANE (1957) estimated a substitution-
al frequency of one allele every 300 years per population, based on the assump-
tion that otherwise an intolerable genetic load would arise. He excluded the 
incorporation of neutral alleles in a population. The higher mutation rate 
calculated by KIMURA (1968) led to the conclusion that most mutations should 
be neutral to overcome the genetic load effect. Kimura assumed random drift 
as an important cause of gene dispersion within a population. His argument for 
neutrality is supported by the occurrence of widespread polymorphism as 
reported by LEWONTIN and HUBBY (1966) and LEWONTIN (1967). 
Meanwhile HALDANE'S (1957) concept on the cost of natural selection, based 
on the large genetic loads occurring in natural selection due to the multipli-
cation of smaller effects in many loci, was much criticized (cf. SVED et al., 1967; 
MORAN, 1970). Firstly, although large differences in fitness between individuals 
might exist the differences should be related to the average fitness in a popu-
lation and not to the maximum, thus reducing the effect of genetic load. 
Secondly, not all loci are independent. Selection operates on phenotype level, 
where many loci co-operate in their effects. Thus the total genetic load is less 
than would be obtained by multiplication of the effects on all individual loci. 
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Thirdly, a threshold value may be assumed in individual or population fitness, 
above which selective advantage should not increase significantly. Thus the 
effect of heterozygous advantage can be stronger in populations with a relative 
large amount of homozygosity. So there are several reasons which make the 
concept of genetic load as such not incompatible with the idea of selective 
advantage in polymorphisms. 
In their paper on 'Non-Darwinian evolution' KING and JUKES (1969) sup-
ported the view that neutral genes exist. Like KIMURA (1968) they based their 
arguments on the analysis of the amino acid sequence in proteins and the un-
derlying genetic code. The degeneration of the genetic code supports the 
hypothesis of neutral mutations: there are 61 amino acid specifying codons and 
only 20 normally occurring amino acids. A quarter of all single base substi-
tutions leads to synonymous, but also real mutations. Protein variants with 
different primary structure may be identical in respect to natural selection 
(cytochrome C, haemoglobin, immunoglobulins). As a contrast, in other pro-
teins less variation is tolerated (fibrinopeptide A, histon IV). This fact indicates 
the relevance of the choice of material for the hypotheses important for the 
discussion on selectionism versus neutralism. KING and JUKES estimated the 
chance of fixation of any neutral mutation as p = \ N„ where Ne is the effective 
population number. They accepted an indirect influence of natural selection 
based on ca 10% of all mutations being lethal, ca. 80% slightly disadvantageous 
and only 10% actually neutral. This statement adds a certain relativity to the 
definition of neutralism. 
T l^foi!9? ^ R l C H M O N D (1 9 7°) criticized the theory of KING and 
JUKES (969) Synonymous mutations need not be neutral in respect to the 
availability of nucleotides in different organisms. Thus those mutations may 
well have an adaptive value. The same holds for the availability of different 
^ 7 T ™ r e ° V e r m a y h a V C d i f f e r e n t a f f m i t i e s t 0 anonymous codons. 
KING and JUKES estimate of the rate of evolution depended on too scarce 
h rVr°g°u in ) t0 bC generally valid- F i n a»y the i r observation 
Sfh t i l f °bm V a r i a n t S S h ° w e d t h e s a m e c aPa<*y to combine 
wrth oxygen m vitro does not exclude differences in activity in live. 
mainTen l^ fS f ^ f * n o n " s e l e c t i v e " f e n c e s can be present in the 
^kdveTmTort P y m° rKP h l S m a n d g C n e d i s p e r s i ° n W i t h i n a Population. Their 
or r n e S r 6 C? f6 aSSUmCd t 0 diffCT f ° r Various situations- Arguments tor a neutralists point of view are derived from transient polymorphisms i e 
SeSni g r n e r b S t i t U t i 0 n S - T h C S eP^orphismscovefa l^gIfm Teriod.' 
lotTeriod oTt e n 7T m e n t I I C a n haTd{y b e a s s u m e d t i t during the 
nfiuence uoon f o , tS W U t l 0 n e n v i r o n m e n t «erted a constant selective 
W ^ K K r S ^ i S °r g e n 0 t y P e ' T h C ' n e U t r a l mutation-random 
t h f l 0 r m n bm ne i , 8 ) "T^ & P p l y f ° r t r a n s i e n t Polymorphisms in 
due t > I Z £ n e v e r t h e l e s s in the short run other forces may be relevant, 
•sShflyS^taZTM^UC^- E s p e d a l l y the l a r 8 e a m o u n t of 
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The above theories can be considered as indirectly relevant to research of 
polymorphism. The following section shows that they have stimulated more 
direct research on genetic polymorphism. 
2.4.3. Experimental analysis 
Evidence on se lec t ion or n e u t r a l i t y 
Much research was done on Drosophila spec, to analyse the validity of 
selectionism or neutralism. AYALA et al. (1974) analysed natural populations 
of five Drosophila species to test the hypothesis of selective neutrality of protein 
polymorphisms. They observed an average proportion of polymorphic loci 
of 50% to 70% per population in a study on 32 enzyme coding loci, and an 
average heterozygosity of 18% per individual. Comparing the distribution of 
polymorphism between populations, they concluded that the amount and 
pattern of variation were similar for populations of the same species, with 
some exceptions. The amount of variation per locus was nearly the same for 
the five species. In this material, they tested the neutral hypothesis using four 
predictions derived from theory (KIMURA and OHTA, 1971): the estimation of 
the number of neutral mutants derived from the population numbers (cf. 
KIMURA and CROW, 1964), the distribution of heterozygous loci, type of 
variation in isolated populations and allele frequencies within different species. 
None of the predictions supported evidence for the neutral theory. AYALA et al. 
concluded that selective forces must operate here, but they failed to give an 
exact description of their nature. AYALA et al. stated that the maintenance of 
the neutralistic view then became troublesome, although it should have con-
tributed to recent research on polymorphism. An opposite statement was made 
earlier by KIMURA and OHTA (1971) in proposing that the neutral hypotheses 
allowed certain predictions. To test these would contribute to the understand-
ing of the mechanism of evolution on the molecular level and thus we should 
be 'emancipated from a naive pan-selectionism'. 
TRACEY and AYALA (1974) proposed positive heterotic selection as a force 
maintaining polymorphism in their experiments on Drosophila melanogaster. 
In experimental populations, flies homozygous for a complete chromosome 
had a fitness of only 12.5% of the average fitness in normal flies. More than 
1000 loci thus were kept in a state of polymorphism. They also proposed other 
explanations besides heterozygous advantage for the observed difference in 
fitness: especially frequency-dependent selection might be important here. 
F r e q u e n c y - d e p e n d e n t se lect ion 
KOJIMA and YARBROUGH (1967) contributed to the concept of frequency-
dependent selection on a molecular level. In a Drosophila population poly-
morphism occurred for the esterase-6 (Es-6) locus, including two alleles, 
F(qF = 0.30) and S(qS = 0.70). This ratio was constant for many generations, 
and so were the observed numbers of genotypes. After the foundation of four 
subpopulations with the following frequencies of F: 0.15, 0.30, 0.50 and 
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0.70, with genotypes according to genetic equilibrium, the frequencies of F 
shifted back very soon to the original frequency. This occurred because of 
strong differences in viability of individuals of various genotypes. The ratio 
between observed and expected numbers of FFanimals ranged from 0.76 (sub-
population starting with q F = 0.70) towards 1.68 (starting from qF= 0.15). 
Only in the equilibrium population were there no deviations from the expected 
genotype numbers. The optimum level of qF = 0.30 could not be explained by 
heterozygous advantage. Since fertility ranged from FS via FF to SS flies in a 
decreasing order, heterozygous advantage would promote a higher frequency 
for Fthan for S. Knowledge on the substrate specificities and catalytic activity 
levels of the Es-6 phenotypes would be necessary for a causal explanation. 
A similar phenomenon was demonstrated for the alcohol dehydrogenase 
locus in Drosophila by KOJIMA and TOBARI (1969). HUANG et al. (1971) proposed 
a mechanism to explain the selective forces operating here: Drosophila larvae of 
the three genotypes FF, FS and SS for the Es-6 locus were cultivated on a 
certain substrate. After some time the larvae were removed and new ones 
introduced to the same substrates. Now the best growth rates were found upon 
substrates, 'conditioned' by opposite genotypes (alternative homozygotes). 
Thus the promotion of less frequent genotypes was demonstrated. The authors 
tried to explain this phenomenon by the use of special nutrients or the pro-
duction of harmful compounds in the medium. HEDRICK (1972) used the data 
of HUANG et al. to compare the effectiveness of the models for heterozygous 
advantage and frequency-dependent selection in maintaining genetic variation 
in a finite population. Based on methods used to determine the relative effec-
tiveness of both models, he concluded that the capacity to maintain variation 
was much greater in frequency-dependent selection than in heterotic selection, 
especially for frequencies far from the equilibrium gene frequency. 
Gene t i c b a c k g r o u n d and env i ronmen t 
JONES and YAMAZAKI (1974) demonstrated that gene frequency disturbance 
for the Es-5 locus in Drosophila populations had a much stronger effect in 
genetically more uniform populations than in more heterogenous ones, result-
ing in gene frequency shifts. They assumed that linkage disequilibrium was 
responsible for this effect. 
GILLESPIE and LANGLEY (1974) demonstrated on theoretical and experimen-
tal grounds that polymorphism, at least for enzymes, is much more likely to 
occur in an heterogenous environment both in space and in time than in a 
constant and homogenous environment. The experimental data were derived 
from POWELL (1971), who had observed that in Drosophila populations kept 
under different environmental regimes for many generations, the most allo-
zymic variation was maintained under varying conditions rather than constant 
conditions. This phenomenon may be explained by differences in substrate 
specificity between more and less polymorphic enzymes. The enzymes charac-
terized by a single physiological substrate are less polymorphic than those with 
multiple physiological substrates, the occurrence of which is bound to a 
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heterogenous environment (GILLESPIE and LANGLEY). This association be-
tween substrate-specificity and degree of polymorphism was described for man 
(HARRIS and HOPKINSON, 1972), mouse (SELANDER and YANG, 1969) and 
Drosophila (LANGLEY et ai, 1974). Within these three species, 113 loci were 
considered, 74 belonging to the specific and 39 to the more unspecific group 
(as derived from Table 1 in GILLESPIE and LANGLEY). In the first group, 24% 
of loci was polymorphic, in the second 53%. The average heterozygosity 
amounted to 0.057 in the first group and 0.167 in the second. 
GILLESPIE and LANGLEY (1974) could not derive evidence on direct hetero-
zygote superiority in most enzymes from literature data, and stated that most 
enzymes showed heterozygote intermediacy ascribing an important role to 
environmental variations as a selective force to maintain polymorphism 
without overdominance. 
2.4.4. Conclusion 
In different species (man, mouse, Drosophila) a comparable rate of poly-
morphism appeared to be present (30-40% of a random sample of loci) with 
average heterozygosities of 11-16%. This variation can hardly be explained by 
heterozygous selective advantage for all polymorphic loci unless selection 
effects are very low. Thus attention was drawn to the neutral mutation - random 
drift concept (KIMURA, 1968) to explain the vast amount of variation. Evidence 
for neutrality was derived from data on molecular evolution, but this led to 
much criticism. Neutralistic hypotheses could not be confirmed in an experi-
mental approach on Drosophila populations. Other forces responsible for the 
maintenance of polymorphism than heterozygous advantage were suggested: 
frequency-dependent selection and the influence of spatially and temporally 
varying environments. Both latter forces were derived especially from enzyme 
polymorphism research. 
Nevertheless various mechanisms can arise to promote polymorphism on a 
molecular level, and their exact nature should be analysed for each situation, 
taking into account species, any special polymorphism and environmental 
factors. According to GILLESPIE and LANGLEY (1974): 'This variation could be 
maintained by the opposing forces mutation and genetic drift, and/or by various 
forms of balancing selection. To what extent this variation is due to each of 
these causes is completely unknown at the present time'. 
There are scarce links between the fundamental approach of protein poly-
morphism and the study of protein polymorphism in farm animals. The 
approaches and results of these fundamental studies may contribute to the 
understanding of the nature of polymorphism in farm animals. The concept 
of average heterozygosity will be used in my study of polymorphism in the 
pony population. 
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B R E E D S T R U C T U R E O F T H E S H E T L A N D P O N Y 
P O P U L A T I O N IN T H E N E T H E R L A N D S 
In this chapter the breed structure of the Shetland pony population in the 
Netherlands is described to serve as a background in the evaluation of protein 
polymorphism data. In advance some general aspects of the Shetland pony 
breed will be included. 
3.1. M A T E R I A L AND METHODS 
The following data were used in the breed structure analysis: information 
and communications (SLOB, 1965; SANDERS, 1967) from the Studbook So-
ciety ('Het Nederlandsch Shetland Pony Stamboek'), the studbook report 
on stallions approved for breeding in 1972, pedigree data from the studbook 
files and data from a random sample of 280 foals, born in 1973. The foal 
sample is the same as will be used in the protein polymorphism investigation. 
The sampling procedure will be given in Chapter 4. 
Contingency tables were analysed with the G test, recommended by SOKAL 
and ROHLF (1969) over the more traditional chi-square test in the analysis of 
contingency tables. The G test is a log likelihood ratio test, and its test statistic, 
G, approximates numerically the X2 value but shows a chance distribution 
closer to the %2 distribution than X2. In the next chapter the G test will be 
discussed further. 
The inbreeding coefficients of the foals in the sample were calculated based 
on pedigree data, with Wright's equation (FALCONER, I960): 
Fx = E[(ir + ^  + 1 x ( l + F A ) ] 
where F x = inbreeding coefficient of individual X; n, and n2 are numbers of 
generations between X and a common ancestor, A; FA = inbreeding coefficient 
ot common ancestor A. 
3.2. BREED HISTORY 
3.2.1. Origin of the Shetland Pony 
or^tetomlh^T^ " / ( 1 % 1 ) a " d S L 0 B <1 9 6 5)> S h e t l a n d P o n i e s S a * Z nH j ; d : d °rkney iSland5' n°rth of Britain' and share a 
herds for 1 2 t h e , N ° r w ^ a n Fjording horse. They lived free in large 
^iSs^^s^1 8 /0 rr i c breedin§ was introduced-
ng was performed with Fjording horses. From this time they were 
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exported to England to serve in the coal mines as tractive power. The breeding 
of the original type with an average height of 100 cm was most intensive be-
tween 1870 and 1900, and was largely influenced by the use of two stallions, 
Jack and Prince of Thule. The colour of the ponies was blackamoor, brown or 
grey. In this period also foreign (presumably Icelandic) horse blood was 
introduced to gain pied colours. 
3.2.2. Development of the Dutch Shetland pony breed 
The first incidental imports of Shetland ponies from Britain into the Nether-
lands began in about 1900. Only after 1930 did their number increase conside-
rably, leading to the initiation of the Dutch Shetland Pony Studbook Society 
in 1937. The ponies were imported as small draft horses, and were used mainly 
in the orchards between the rivers Rhine and Meuse. This region is still a centre 
of Shetland pony breeding although nowadays the ponies are more important 
as pet animals and in sport breeding. 
The Studbook has the following registration rules. There are the studbook, 
the auxiliary studbook and the foal registers. Foals from parents both register-
ed in the studbook can be entered in the studbook if they have no inherited 
defects and meet the standards on height (max. 107 cm), type and conformation 
traits. They should be suitable to obtain and maintain the original Shetland 
pony type, although the type judgement may be subject to certain fashion 
trends. Principally there is only one type bred in the Netherlands. Mares and 
stallions may be entered in the studbook at two years old. Stallions are judged 
every year or three years period for breeding purposes. Ponies satisfying the 
above conditions but without registered parentage could only be entered in the 
auxiliary studbook. In 1953, still 39% of the newly registered mares were entered 
in the auxiliary studbook, this fraction steadily decreasing until in 1972 this 
possibility was closed down. The auxiliary studbook for stallions was closed 
in 1954. Ponies registered by the British Shetland Pony Studbook can be 
included in the studbook after import. 
After the foundation of the Dutch Shetland pony population, using imported 
British ponies, the breeding population was not closed. The population had an 
open character by the auxiliary studbook and by a recent influx of British 
stallions after 1954. 
3.3. B R E E D S T R U C T U R E 
3.3.1. Size and composition of the breeding population 
The recent, registered Dutch Shetland pony breeding population includes 
about 9,000 animals, from which about 220 are stallions. Fig. 3.1 gives the 
numbers of stallions and mares from 1938 onwards and the numbers of newly 
approved ('young') stallions for the last ten years. The numbers of mares were 
set equal to the numbers of registered first sirings per year. The size of the po-
pulation steadily developed, reaching a certain level during the last five years 
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for the number of stallions. The replacement rate of stallions was estimated 
from the relatively stable period in stallion numbers, as the quotient of number 
of young stallions and the total number of stallions. Thus over the last five 
years the annual replacement rate was estimated as 131/1102 = 0.116 of the 
number of stallions. The total studbook period may include five generations 
of ponies, if there was an equal age distribution of mares and stallions. 
The analysis of the breeding structure will be based mainly on stallion data. 
The small number of stallions compared with the many mares exerts a large 
influence on the total population. Data on their parentage are mostly available 
for more generations than for the mares, because mare registration has had an 
open character for a longer time. The stallions play a major role in migration 
whereas movement of the mares is limited. The importance of stallions in 
general can be illustrated by an analysis of the numbers of different stallions 
and mares being sires and dams of the stallions, approved in 1972 and born in 
SP 7? I™* •"' 1 SC 2 1 5 a p p r ° V e d S t a l l i o n s s h a r e d 2 0 0 dams and 107 sires, he d, tribution being given in Table 3.1. The large number of different dams 
Lht o?M tf i ' ° o t h a t WaS S k e ° f 3 1 s o n s i n t h e aPPr°ved group is Spot-
t e ! n , r
 D
HtWS imp°r ted in 1956 a n d contributed largely to the 
S E T S t I 0 tVf P° r t a n t m a r e s ' yieldinS 3 a n d 4 s o n* as approved 
of BarS w ., hU8H S ° f ^ e S t a l l i ° n S B a r t j e a n d h i s s o n G e l ™ - ^ e relevance 
l o annaren S T ^ &ter- T h U S t h e c o n c e^ration on some stallions is also apparent through the mares. 
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TABLE 3.1. Distribution of sires and dams of breeding stallions, approved in 1972, according 
to their number of offspring in this stallion group. 
Nr. of sires with 0 offspring: 
Nr. of dams with 0 offspring: 
1 
71 
188 
Numbers of offspring (0) per parent 
2 3 4 6 7 8 
19 3 8 2 2 1 
10 1 1 
31 
1 
Total numbers: offspring, n = 215; sires, n = 107; dams, n = 200. 
Average nr. of offspring: per sire 2.0, per dam 1.1. 
Effect ive n u m b e r 
In a closed population the rate of increase of homozygosity per generation 
under random mating conditions can be conveniently estimated with the effec-
tive number (Ne, cf. FALCONER, 1960). The current Shetland pony population 
is not a closed population. Thus the estimate of Ne would be of limited value. 
The actual degree of homozygosity will be estimated with the protein poly-
morphism results (Chapter 5). The actual inbreeding coefficients, estimated 
with pedigree data, will be given in this chapter. 
3.3.2. Approximation of the generation interval 
In the previous section it was estimated from the stallion replacement rate 
that the total studbook period included five generations of ponies. In this 
section an approximation of the average generation interval will be discussed. 
The generation interval as such was not estimated. This estimate would re-
quire the age distributions of subsequent generations of breeding animals. 
In my analysis the age distribution for both sexes is included only for the 
last generation period, based on the parents of the sample of foals born in 1973 
(n = 280). It is still unknown which fraction of this sample will be representa-
tive for the following breeding generation and what will be their age distri-
bution at that time. The age distribution of their parents is given in Fig. 3.2, 
together with those of all stallions approved in 1972. Equality of distributions 
was tested with the G test, with actual numbers per age class. There is a signi-
ficant difference between the age distribution of sires and dams (G = 73.020, 
d.f. = 12, p < 0.001), disappearing when all mares' ages are set older by one 
year (G = 5.824, d.f. = 12, p > 0.90). 
The average age of the sires of the foals born in 1973 was 9.3 years, and of their 
dams 7.9 years. This difference seemed to be due to the earlier use of mares for 
breeding and not to their age distribution. The intervals between generations 
were approximated with sire-to-sire lines. Only stallions registered in the Dutch 
studbook and auxiliary studbook were included. They were counted according 
to their use as sire. The result is presented in Table 3.2. The approximated 
generation intervals tend to decrease between preceding generations, indicating 
that in earlier generations stallions were used on average at a younger age. The 
increasing tendency of the preference for older stallions may indicate a 
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FIG. 3.2. Age distribution of stallions and mares, parents of foals born in 1973. 
numerical stabilization of the breeding population, accompagnied by a certain 
conservatism in recent breeding policy. 
3.3.3. Breeding regions 
The total population of Shetland ponies does not breed at random over the 
whole population area. Instead breeding regions are assumed to account for 
heterogeneity within the total population area. The subdivision of this popu-
lation area is the subject of this section. 
The area was roughly divided into a central region (between the rivers Rhine 
and Meuse) and a peripheral region, based on studbook information. Based on 
the distribution of the foal sample, these two regions were subdivided as in-
dicated in Fig. 3.3. This subdivision was mainly based on natural borders and 
frequency of occurrence of ponies in the area. The regions are as follows: 
Peripheral regions 
North (N) West (W) 
Central regions 
Central East (CE) 
Central West (CW) East (E) South (S) 
The validity of the proposed subdivision will be checked by the migration 
pattern of stallions (Section 3.3.5). Both central regions were characterized 
foXborn in^973X i m a t e d g e n e r a t i ° n i n t e r v a l s> u s i n 8 only sire pathways, backwards from 
Generations 
-1 
Nr. of sirings counted: 
Average sire birth year: 
Interval (years): 
280 
1964.0 
7.6 
271 
1956.4 
6.4 
198 
1950.0 
4.6 
112 
1945.4 
6.1 
65 
1939.3 
Average interval over 4 periods: 6.2 years. 
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FIG. 3.3. Distribution of sample of foals over population area and breeding regions. 
by a relatively large number of ponies. Especially the difference between central 
and peripheral regions was studied. 
Although each region contains a few breeding centres, these were not analy-
sed in detail. In most centres no more than three stallions are in use. There are 
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three centres, situated in three different regions, employing 6, 6 and 4 stallions 
respectively. In all three, the used stallions are offspring of the imported stallion 
Spotlight of Marshwood. 
3.3.4. Pedigree structure 
The male pedigree structure was analysed with the aim of finding a sub-
division of the foals, born in 1973, which might be helpful in the research on 
breeding regions and migration patterns. The male pedigree lines were followed 
from the recent foal sample backwards to stallions with further unknown 
parentage or those imported from Britain after 1954. There arose two groups 
of ancestors, the 'Old Dutch' stallions and the 'Recent British' ones. The 
emphasis on one stallion within each group led to a further subdivision, which 
included a Bartje and a Spotlight group of foals. Bartje was born in 1945 as son 
of the Old Dutch stallion Due van 't Hof, and Spotlight of Marshwood was 
imported in 1956. 
The genetic relations (a) of all foals of the sample to male ancestors from 
the above groups were calculated as a = (^)n, where n is the number of gener-
ations between foal and stallion. The average genetic relations per group of 
ancestors are presented in Table 3.3. In total 26 ancestorial stallions contributed 
along the sire pathways to the current generation of foals. Their relations to the 
foals belonging to their own offspring groups are given, and their average 
relations to all foals of the sample. The genetic relations of stallions of the 
British group to the foal sample (a~ = 0.0038) were twice as large as those of the 
Old Dutch group (a = 0.0019) to the foal sample. The importance of Bartje 
and Spotlight is obvious from their average genetic relations to the foal sample 
(a = 0.0190 and 0.0534) in comparison to the relations of all other ancestors. 
The total genetic relation per stallion group with the foals was analysed per 
generation to find out in which generation the relevant ancestors were located. 
The result is given in Table 3.4. 
The most important relations of Old Dutch stallions arose from the third 
generation (backwards), and of Bartje mainly from the fourth. The British 
stallions were more important in the second and (for Spotlight) the third 
TABLE 3.3. Genetic relations of ancestorial stallions with foals only via sire pathways. 
Stallions 
(groups) 
Nr. of Nr. of 
foals stallions Genetic relation per stallion 
within offspring groups within total foal sample 
average range 
I. Old Dutch 
II. Bartje 
III. British 
IV. Spotlight 
Total 
30 
average range 
58 10 
70 1 
56 14 
96 1 
280 
0.0092 0.0205-0.0043 0.0019 0.0042-0.0009 
0.0767 0.0192 
0.0190 0.0536-0.0043 0.0038 0.0107-0.0009 
0.1558 0.0534 
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TABLE 3.4. Genetic relations of ancestorial stallions with foals, using only sire pathways, 
per generation. 
Generation, 
backwards 
from 1973 
-1 
-2 
-3 
-4 
-5 
-6 
Total 
Old Dutch 
(n = 
n1) 
— 
3 
25 
18 
10 
2 
58 
 10) 
a2) 
_ 
0.27 
1.12 
0.40 
0.11 
0.01 
1.91 
Bartje 
n 
_ 
2 
15 
41 
12 
-
70 
a 
— 
0.18 
0.69 
0.92 
0.13 
-
1.92 
Stallions (groups) 
British 
(n = 
n 
11 
30 
15 
-
-
-
56 
= 14) 
a 
1.96 
2.68 
0.67 
-
-
-
5.31 
Spotlight 
n 
_ 
31 
50 
15 
-
-
96 
a 
_t 
2.77 
2.23 
0.34 
-
-
5.34 
Total 
n a 
11 1.96 
66 5.90 
105 4.71 
74 1.66 
22 0.24 
2 0.01 
280 14.48 
*) Number of foals with ancestor in a certain generation. 
2) Total genetic relation x 100 per group or stallion from any generation to foals. 
generations (backwards), which explains the difference in genetic relations 
between both groups. 
For the two apparently most important stallions the complete genetic re-
lation to the foal sample was estimated, following all possible pathways. The 
results are given in Table 3.5. The nature of the genetic relation of both stallions 
to the foals was mutually different. In the Bartje pathways mares were more 
TABLE 3.5. Genetic relations of Bartje and Spotlight with foals, following all possible path-
ways. 
Pathway1) 
Generation 
-1 -2 -3 -4 -5 
F - S - S - S - S - S 
D - S - S - S - S 
S - D - S - S - S 
D - D - S - S - S 
S - S - D - S - S 
D - S - D - S - S 
D - D - D - S - S 
S - D - D - S - S 
F - all other pathways 
Total 
Times of occurrence 
averag 
•• per path 
e genetic relation per path' 
Bartje 
n 
70 
47 
47 
38 
26 
32 
24 
17 
25 
326 
a 
1.92 
1.50 
1.17 
0.78 
0.35 
0.57 
0.37 
0.23 
0.26 
7.15 
Spotlight 
n 
96 
56 
27 
20 
21 
7 
0 
0 
4 
231 
a 
5.34 
2.68 
0.89 
0.56 
0.47 
0.16 
0.00 
0.00 
0.05 
10.15 
way (n) and 
way x 
B. 
n 
166 
103 
74 
58 
47 
39 
24 
17 
29 
557 
100(a). 
+ Sp. 
a 
7.26 
4.18 
2.06 
1.34 
0.82 
0.73 
0.37 
0.23 
0.31 
17.30 
') F = foal, S = sire, D = dam 
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important than in the Spotlight pathways. Thus the average genetic relation of 
Bartje to the foals was 0.0715, and the relation of Spotlight to the foals was 
only slightly more, being 0.1015. Both stallions together had an average relation 
of 0.173 to the recent generation, thus leaving only 0.327 for all other ancestorial 
stallions. 
There was a difference in importance of dams in the lines derived from Bartje 
and Spotlight. This may have the following cause. Bartje had many daughters, 
and matings between his offspring had to be avoided. Unrelated stallions such 
as Spotlight of Marshwood were preferred to cover the daughters of Bartje. 
Also the use of many sons of Spotlight contributed to avoidance of inbreeding. 
A further analysis of the two main stallion lines 
The contribution of the two main stallion lines (Bartje and Spotlight) to the 
current breeding population was further analysed. In Fig. 3.4 their male off-
spring lines are given, as well as their contribution to the foal sample. 
Bartje mainly contributed to the current generation through his son Gelrus, 
giving rise to two important sons. Some additional details are given below, for 
male offspring with more than two approved sons: 
(Ducvan'tHof) -flan-ye - Gelrus -+ Leo van Mook 
born 1940 born 1945 born 1950 born 1954 
14 sons 7 sons 4 sons 
-+ Okki van -* Union van 
Maasdijk Opheusden 
born 1957 born 1962 
5 sons 6 sons 
Bartje had only 14 sons approved for breeding. Bartje and Gelrus can be 
assumed to be real landmarks in the Old Dutch breeding period 
The main contribution of Spotlight shows a different picture. He was from 
a more recent date and he had 37 approved sons. His most important sons and 
grandsons are given below, all yielding at least four sons approved for breed-
ing: ^ 
Spotlight of - Ozal van Oud Crailo 
Marshwood born 1957, 6 sons 
imp. 1956 -> Omar van de Flegelstraat 
born 1953 born 1957, 5 sons 
37 sons _ Orson van stalRodiehem - Thomas van stal Rodichem 
born 1957, 7 sons born 1961, 7 sons 
-» Timmy van stal Wilhelmina 
born 1961, 4 sons 
Jemtion S ^ * *" T ^ g c n e t i c r e l a t i o n o f b o t h ^ o n s to the current generation of ponies can be explained. 
3.3.5. Migration pattern 
the^armT,Prtat<lo„b™,d,ing f " " V " 1 " " 1 " ^ '•> Section 3.3.3 was checked: 
ana.y:d
nzr^rcoisraXrr use in mmM re8i°ns was 
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o 
B 
O approvsil s t a l l i o n 
• s i re of f o a l in s a m p l e 
B - B a r t j e G s G e l r u s S = Spot l ight 
O -
s 
FIG. 3.4. Male offspring of Bartje and Spotlight of Marshwood (approved stallions and 
sires of foals in sample). 
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TABLE 3.6. Distribution of breeding stallions over regions of birth and of use. 
Region of use 
N 
E 
CE 
CW 
w 
s 
Nr. bred: 
Nr. emigrated: 
N 
3 
2 
1 
-
-
6 
3 
E 
1 
5 
-
1 
1 
1 
9 
4 
Regions 
CE 
6 
14 
16 
9 
8 
10 
63 
47 
of birth 
CW 
2 
8 
5 
14 
8 
13 
50 
36 
W 
_ 
3 
1 
2 
9 
3 
18 
9 
S 
6 
7 
8 
2 
12 
14 
49 
35 
Nr. 
used 
18 
39 
31 
28 
38 
41 
195 
-
Nr. im-
migrated 
15 
34 
15 
14 
29 
27 
134 
British 
import 
_ 
5 
2 
3 
3 
7 
20 
-
I used the data of the studbook report on stallions approved in 1972, to find 
out in which regions they had been born and where they were situated in 1972. 
Thus only one migration step was traced, yielding a possible underestimation 
of the actual migration especially of the older stallions. Nevertheless the overall 
migration pattern and the relations between regions were expected to be 
revealed in this way. 
The migration rates per region are presented in Table 3.6. Of all stallions 31 % 
remained in their region of birth. The highest emigration rates were observed 
from the regions CE, CW and S. The highest immigration rates occurred into 
the N, E, W and S regions. The import of British stallions was mainly directed 
towards the regions E and S. Indeed central regions CE and CW functioned 
as centres in the distribution of stallions towards the more peripheral regions, 
but also the region S had an important function here. There was an intensive 
stallion exchange between CE and S: 18 stallions or 13.4% of all migration. 
The mam migration pattern is given in Scheme 1. 
Table 3.7 gives the distributions of stallions from the four parentage groups 
over the breeding regions, both for regions of birth and regions of use. The 
difference in total number of stallions was caused by including British stallions 
in the second distribution. There were no significant deviations from chance 
SCHEME 1. Main migration pattern. 
34 
Central 
reg ions 
Peripheral 
regions 
Great Br i ta in 
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TABLE 3.7. Distribution of stallions, grouped according to sire pathway pedigree, over 
breeding regions. 
Region 
N 
E 
CE 
cw 
w 
s 
Total 
I 
2 
3 
16 
6 
6 
11 
44 
G9 = 
Stallions, born 
per parentage group1) 
II 
2 
11 
15 
1 
7 
36 
12.449, 
III 
_ 
2 
8 
11 
3 
8 
32 
p>0.2 
IV 
4 
2 
28 
18 
8 
23 
83 
:2) 
Total 
6 
9 
63 
50 
18 
49 
195 
I 
4 
11 
9 
6 
6 
8 
44 
G1S = 
Stallions, used in 1972 
per parentage group1) 
II 
4 
4 
4 
10 
6 
8 
36 
13.222, 
III 
3 
11 
9 
7 
8 
14 
52 
p>( 
IV 
7 
18 
11 
8 
21 
18 
83 
0.52) 
Total 
18 
44 
33 
31 
41 
48 
215 
1) I = Old Dutch group, II = Bartje group, III = British group, IV = Spotlight group. 
2) G test for check on homogeneous distribution of groups x regions. Regions of birth N, 
E and W (peripheral) pooled. 
expectations in both distributions. We have to realize, however, that the re-
lations of Spotlight and other British stallions to the current stallion group are 
closer than those of Bartje and the Old Dutch stallions to their groups. Thus a 
certain emphasis on the use of Spotlight-derived stallions in the regions E, W 
and S may not be neglected. 
Another aspect of migration, the use of stallions belonging to a certain 
region in another region, was examined with the siring data of the sample of 
foals, born in 1973. The sample was offspring of 138 stallions. The distribution 
of stallions and foals over breeding regions is presented in Table 3.8. 
From the 280 foals only 17 are offspring of stallions, not belonging to their 
dam's breeding region (6%). From these stallions 8 lived in the region CW, 
5 in CE and 2 in S. Again the influence of centres was visible. Although there 
was a tendency to use the stallions from the two central regions more intensively, 
this did not give significant differences (G test for homogenous distribution of 
stallions and foals over regions yielded G = 2.882, d.f. - 5, p > 0.70). 
TABLE 3.8. Use of stallions in various breeding regions 
Nr. of stallions in regions: 
Nr. of foals from stallions 
- from inside same region: 
- from outside same region: 
Nr. of foals/stallion, total: 
N 
14 
31 
2 
2.4 
E 
25 
53 
2 
2.2 
CE 
27 
48 
2 
1.9 
Regions 
CW 
24 
38 
4 
1.7 
W 
22 
39 
5 
2.0 
S 
26 
54 
2 
2.2 
Total 
138 
263 
17 
2.0 
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TABLE 3.9. Distribution of foals over breeding regions, according to sire pathway pedigree 
groups. 
Region 
N 
E 
CE 
CW 
w 
s 
Total 
I 
4 
14 
13 
7 
6 
14 
58 
II 
12 
7 
3 
16 
11 
21 
70 
Groups1) 
III 
5 
16 
18 
8 
7 
2 
56 
IV 
12 
19 
16 
11 
20 
18 
96 
Total 
33 
56 
50 
42 
44 
55 
280 
G = 47.866 
d.f. = 15 
p < 0.001 
') I = Old Dutch group, II = Bartje group, III = British group, IV = Spotlight group 
The distribution of stallions of the four parentage groups was not signifi-
cantly different between breeding regions. The distribution of the use of the 
stallion sample (sires of the foal sample) is presented in Table 3.9. It deviated 
sigmlicantly from at random expectation based on an equal distribution of 
groups over regions (G = 47.866, d.f. = 15, p < 0.001) 
Stallions of British ancestors were used more frequently in the regions E and 
CE and very seldom in S. For Bartje stallions the reverse was true, together 
with an obvious preference in CW. Spotlight stallions were preferably used 
2ro
Tun ofbS^rd dev ia t!°nuS wfe e S p e d a l l y v a l i d f o r t h e B r i ^ h and Spotlight 
ancestors. ^ ^ ^ g e n e t i c r d a t i o n s t o t h e r e l e v a n t 
3.3.6. Inbreeding 
in The' currlt ^ f ^ l ° f *?**"** stalli™s might lead to inbreeding 
p r o t b S l f T r a t l ° n f The inbreeding coefficient (Fx) is defined as the 
O S L ^ S - ^ I?1 ' d l e l e S ° f a n i n d i v i d u a l a r e i d e ^ by descent 
indTvXal }' 1S " ^ ^ ^ f ° r t h e exPectation of homozygosity in an 
TheVeSreetf mostTf^ *".*«««* 8™*on8 are taken into account. 
a n c e S wXuT f mh T WCTe " 0 t t h a t comPlete> a " d included many 
~£ZLZ%^^ f missing J-
cients resulting from the use of twTt. r *' ?Verage i n b r e e d i ng coeffi-
Table 3.10 togethCTwith Tht . VC p a r e n t a l Stations are given in 
Table M O ^ ^ c S ^ S ^ ? 8 ^ ^ ^ ^ • 
bution o!F^ZllToZgta ^ °ne g°eS fUr ther b a c k w a r d s- T h e distr i" 
^ - l o g a r i t t S S f S H ^ g K e n e r a t i°n S is g i v e n i n Fi8- 3-5, Plotted on a 
immic scale. This distribution was far from a normal distribution, 
JO 
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TABLE 3.10. Average inbreeding coefficients of foals, estimated over various generations. 
Parental generations 
Lacking family data in % of required 
information: 
Number of inbred foals: 
Average inbreeding coefficient 
- over inbred foals: 
- over all (n = 280) foals: 
-2 
4.1 
4 
0.1015 
0.0015 
-3 
9.6 
27 
0.0546 
0.0053 
-4 
24.9 
97 
0.0289 
0.0100 
-5 
46.5 
142 
0.0247 
0.0125 
primarily caused by the larger number of non-inbred ponies. 
The frequencies of occurrence of common ancestors and their contributions 
to inbreeding supplied information on the concentration on certain stallions 
and mares in previous generations, using all possible pathways. The con-
tributions to inbreeding are given in Table 3.11 for all common ancestors 
(n = 47). Again Spotlight was responsible for the largest contribution to total 
inbreeding (28.7%), followed by Bartje (16.0%). The average inbreeding 
coefficient caused by Spotlight was 0.0271 and that due to Bartje was 0.0063. 
Thus on average the position of Spotlight in the pedigrees is betweeathe third 
and the fourth generation backwards, and that of Bartje between the fourth 
and fifth. The offspring of Bartje also contributed considerably to the total 
inbreeding, whereas Spotlight's offspring was not that important in this respect. 
The Old Dutch stallions and mares contributed 26% to all inbreeding, and the 
British stallions and mares only 13%. 
Nr. of f oa l s 
140 
120 
100 
80 
GO 
40 
20 
o.OOO 0.001 0.002 0.004 0.008 0.016 0.032 0.064 0.128 0.266 
Inbreeding class 
FIG. 3.5. Inbreeding in foals, born in 1973. 
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TABLE 3.11. Distribution of inbreeding of foals over all common ancestors, classified in 
parentage groups. 
Parentage 
group 
Individuals1) Contribution to inbreeding 
Old Dutch 
Bartje 
26 stallions 
12 mares 
total 
Bartje 
Gelrus 
Okki 
Union 
British 
Spotlight 
Total 
total 
President 
Rustic 
Rose (?) 
t.o.2) 
97 
24 
121 
89 
12 
2 
1 
104 
1 
46 
16 
t.c.3) 
0.747 
0.169 
0.916 
0.563 
0.227 
0.094 
0.129 
1.013 
0.132 
0.234 
0.090 
t.c%4) 
21.2 
4.8 
26.0 
16.0 
6.4 
2.7 
3.7 
28.8 
3.8 
6.7 
2.5 
total 
Spotlight 
Udo 
63 
37 
1 
0.456 
1.004 
0.125 
13.0 
28.6 
3.6 
38 
326 
1.129 
3.514 
32.2 
100.0 
') Stallions, unless otherwise indicated 
2) Times of occurrence as common ancestor 
Total contribution to inbreeding per individual 
4) Idem, in % of over-all total. 
p a r ^ r a n d d ^ f f ? ' ^ ^ f r ° m m a t i n § s b e t w e e n brother and sister or 
0 2iAustere ^ ^ ^ ^ * ^ C M e S ' ^ ^ t 0 ? X * 
populadon D° ^ ^ t 0 m a t e c l o s e ly relat^ ponies within this 
i - ^ ^ ^ ^ ^ J ^ 1 b r e e d i n § ^gions is presented in Table 
be higher thaTif the oth " 8 C ° e f f l C l e n t W i t W n t h e K*io™ C E and S seemed to 
of .higher average Fx in cenfralregions S ^ T ^ ** h * K r t t e " 
- f ^ S '***»** °f " ^ 
4.530, d.f = 4
 D > n ?sf i \ u j - t o S e t h e r a nd all others pooled (G = 
used and combined }' dlst«bution the classes from Fig. 3.5 were 
be^ i^ttsss?1^sampie ° f ponies ( F = ° - ° i 2 5 ) can 
3 8
 A S examP l l f ied by FALCONER (i960, p. 249) inbreeding 
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TABLE 3.12. Average inbreeding coefficients per breeding region. 
Central regions Peripheral regions Total 
CE CW S total N E W total 
Number of foals: 50 42 55 147 33 56 44 133 280 
Number of inbred 
foals: 23 20 37 80 17 24 21 62 142 
Average inbreeding coefficient 
-over inbred foals: 0.032 0.021 0.026 0.026 0.020 0.024 0.023 0.023 0.0247 
-over all foals: 0.015 0.010 0.017 0.014 0.010 0.010 0.011 0.011 0.0125 
can especially affect fitness traits, with emphasis on fertility. In an analysis of 
the breed structure of the Friesian Horse, GEURTS (1969) estimated an average 
inbreeding coefficient of 9% within the population in the period 1953-1958. 
He observed no differences in fertility of mares between two groups with 
average inbreeding coefficients of 0.15 and 0.03. This suggests that the fitness 
of the Shetland pony population is not affected by inbreeding. 
The low average inbreeding coefficient can be explained by the long term 
open character of the breeding population, and especially by the import of 
British stallions after 1954. Those stallions considerably influenced the recent 
breeding population, thus reducing the chance of inbreeding. 
3.4. DISCUSSION 
The analysis of the breeding structure of the Shetland pony population was 
used to evaluate the results on protein polymorphism. These results consist of 
distributions of genotype numbers and the comparison of them with genotypic 
ratios based on the assumption of random mating within the population. 
Deviations from randomness in matings can lead to a certain degree of bias in 
the expected genotypic ratios (cf. Section 2.1.3). 
The population studied did not fulfill random mating conditions: the 
stallions were not used randomly and the total population area could be sub-
divided into breeding regions within which more matings were performed than 
between regions. The concept of six breeding regions depended on the distri-
bution of the sample of 280 foals over the total area, where natural borders or 
larger distances were assumed to separate the regions. The choice ot the 
regions depended on sample size: a larger sample might reveal more clusters 
than observed. The validity of the concept of a central and a peripheral bree-
ding area was confirmed by the main migration pattern of the stalhons. The 
exact size of the central region was hard to estimate. Whereas the CE reglon 
was unequivocally the breeding centre, the regions CW and S could also be 
considered as important centres as derived from the migration pattern. There 
are no sharp borders between regions. 
39 
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Stallions of different origin may cause differences in gene frequencies 
between breeding regions, especially imported British stallions and their off-
spring. They were shown to share a closer genetic relation with their offspring 
than the stallions of Dutch origin, the influence of the latter having been more 
distributed over the whole population. The group of British origin was ob-
served to exert most influence in the regions CE and E. Thus a difference in 
gene frequencies of protein polymorphisms (and other traits) might be caused. 
Besides such differences between breeding regions, also chance differences 
may be expected. Thus the gene frequencies for all protein systems I studied 
will be estimated per region. Also the validity of the subdivision will be checked 
again. Gene frequency differences may contribute to the expectations of geno-
type distributions in the total population area. 
The low average inbreeding coefficient in this population may indicate a 
considerable variation in protein polymorphism (and other) alleles. This may 
be caused by the open breeding character and the British stallion imports, 
fcince inbreeding leads to homozygosity, the relation between inbreeding 
coefficients of individuals and their degree of homozygosity for protein poly-
morphism genotypes will be considered, although there are only a few individu-
als with high Fx values. 
The chosen population can be used for the protein polymorphism analysis 
but the breeding structure, especially concerning subdivision in regions, has 
to be taken into account. 
3.5. SUMMARY 
d i t L t S e d 8 ° ^ t l a n d P?n i e s ^ the Netherlands under studbook con-
directlv or nrf " \ ^ ^ ^ r e g i s t r a t i o * of 12 stallions and 250 mares, 
S l l ! T y ° f o ^ S h ° r i g i n- T h e C U r r e n t P°P u l a t i °" contains about 
S n e r a ^ " of ^ 9 ' ° 0 0 " ^ T h e S t u d b o o k b r e e d i n g P«iod covers five 
fnTmanlnnlT^Tr^- ^ P ° p u l a t i o n has a n °P» <*aracter, and 
I Honone oririf*' f* ' T e m P h a s i z e d ^ There were two important 
Brifchmnort T n T * 1°™^ O W D u t c h b r e e d i n g a * d the other from 
ge^rat on of 0 m t u7 ^ a n a V e r ^ e S e n e t i c r e l a*™ to the current 
^ S S j f ^ , a r 8 e ? C O n t r i b u t i™ from the British stallion. Ph ra S S d K ? ^ aSa,ran bC SUbdiVid6d int° Several central and Po-part toSSsiS^rf ; -^ o c c u r r e d mainiy from the centrai 
regions. g S> T h e S t a l l l o n s w e r e ™ed preferably within their 
IwT^JS^f^1 WaS °-°125 w h i<* can be considered as 
P o P U l a t i o n , a « ^ 
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4. E X P E R I M E N T A L P R O C E D U R E S 
In this chapter the material and methods used in the investigation of protein 
polymorphism are described. The source of this material, the Dutch Shetland 
pony population, has been described in the preceding chapter. 
4.1. MATERIAL 
The material consisted of blood samples from foals, born in 1973 and from 
their dams and sires. I invited 500 Shetland pony owners to contribute to this 
experiment. The owners were randomly chosen from the studbook files on 
registration of new-born foals, spread over the period from May to September 
(1973) to avoid any interaction between time of birth and breeding region. 
Their majority reacted and blood of their foals and mares was sampled. The 
blood types of the foal's sires, already known from the parentage control 
programme, had been analysed with the same procedures as for the foals and 
mares. The obtained combinations of foals and parents were checked for cor-
rect parentage data based on the inheritance of protein polymorphism 
variation. The final number of foals in my sample was 280 (102 males and 178 
females), together with 280 mares and 138 stallions. 
4.2. BIOCHEMICAL METHODS 
Protein variants were detected by starch gel electrophoresis, principally 
described by SMITHIES (1955) and generally applied in the analysis of protein 
polymorphism. This method of separation has a high resolving power due to 
the molecular sieve effect of the medium, additional to the separation based 
on electric charge only. Only about one quarter of all amino acid substitutions 
lead to a difference in net charge between proteins, because 15 of the 20 standard 
amino acids are neutral in charge. A difference between uncharged amino 
acids may result into a different protein configuration and also into a dit erence 
in electrophoretic mobility in starch gel (SHAW, 1965). Also the colloidal struc-
ture of the proteins may play a role in their separation. Many modifications of 
the basic procedures have been described to reveal different protein systems. 
The general procedure in my experiment was the following. Electrophoresis 
was done in starch gel, prepared in glass trays of inner dimensions 22 x 12 x 
0.6 cm. Samples of serum or haemolysate, soaked on 5 x 7 mm filter_paper 
Pieces were inserted into a slit in the gel. The direction of the si it depended_on 
the required distance of separation. The gel was connected to electrolyte buffer 
vessels with sponge wicks. A direct current was applied at right angles to the 
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slit. Electrophoresis was usually for 3-6 hours. The gel surface was cooled 
with ice packs. The gels were stained after being sliced into two 3 mm-thin 
slices. Amido black was used as a general protein stain. Special staining pro-
cedures were used for enzyme systems. The starch used in all separations was 
hydrolysed starch obtained from Connaught (Toronto). 
In some gel types more than one protein system could be demonstrated. The 
results consisted of protein fraction patterns, visible as more or less thin zones. 
The relevant variation in most systems consisted of migration rate differences 
between these zones, and in haemoglobin as differences in intensity of the 
zones. The differences between gel types depended on variation in type, con-
centration and pH of the gel buffer and the starch concentration. Furthermore 
the electrode vessel buffers could be varied, as well as the electrical current 
conditions. 
The zones were identified with reference samples with known phenotypes 
for certain genetic systems, obtained by exchange with other laboratories. 
The reproducability of starch gel electrophoresis is perfect for most genetic 
systems of proteins, although for some systems repeated runs may be necessary 
to ascertain the exact phenotype. 
The genetic systems are controlled by autosomal alleles, most of which are 
codominant. The gene frequencies at most loci were obtained by simple gene 
counting. Only within the esterase system was a silent allele present, being 
recessive to the other alleles of this system and phenotypically detectable only 
when homozygous, because activity zones were absent. Its presence in the 
material was revealed using the family data. 
Separation of serum proteins 
Serum protein systems were analysed with blood serum, separated from 
clotted red cells by centrifugation (10 min., 1500 g). It was stored at -20°C 
sameTime " " ^ ^ ^ ^ * W a S i m p o s s i b l e t o a n a l y s e a11 s y s t e m s a t t h e 
hvTth! ?r°iei-D P ° l y f ° r P h i s m s albu^in, transferrin and esterase were analysed 
nroced, r! Tt °iGTE ( 1 % 6 ) - A l b u m i n r e ^ i r e d a * a «dic (PH 4.8) gel 
albumin I T f ^ ^ ^ """** i n t h e a l c a l i n e G>H 8-5) gel. Both 
became v i l r a n f f e r r m ^ S t a i n e d W i t h a m i d o b l a c k> and esterase fractions 
Lb t"te Fil f e " e a C t l ° n fh a SynthCtic CSter <a n a P h t h y ! a c e t a t e > as a 
SmJfaS"n n L a p h 0 t ° 8 r a P h o f a ^arch gel with separation of 
PllablJL
 w ° HT?' a S a n C X a m p l e ° f t h e r e s u l t o f a n electrophoretic run. 
wa f us d T „ d l f f e r e n t i a t e d a f t e r B RAEND (1970) and a modified procedure 
Tonsis LVof f 7 L a n t ° P t i m a l r e S ° l u t i o n - T h e &l ™ i m p o s e d of a buffer 
S t s , S "ntaTntd1 35° f b " Per-!Jtre r 4 8) ^  15% (W/V) rnH fi m TI,„ , c o n t a i e  3 5 g boric acid and 0.6 g NaOH per litre 
mwasmId he\T6Tifre r lS O a k^ ° n What™n-17 filter paper. The'sample 
w h T c ^ o v e r an o T f C a t h ° d i C ^ S i d e ' M d t h e w i c k s w e r e c o n n e c t e d with cm overlap on the gel surface. A current yielding 20 mA per gel was 
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Al-
sffiaifF**^-'******* "P** f?ft.*^-.'*-t «^."™*' « » » , 
ocG-
TfD 
F 
H 
M 
O 
R 
Sa2-
start 
Tf 
type: F FR F FH F DM F F HR DR F R FR R HO DR 
Al = albumin, aG = a globulin, Tf = transferrin, Sa2 = slow a2 globulin. Arrow indicates 
direction of current. 
FIG. 4.1. Photograph of a starch gel with separation of transferrin phenotypes in horse serum. 
applied until the borate boundary had migrated 9 cm from the insert slit, 
which took 5-6 hours. Intensive cooling was applied. Staining was pertormea 
with amido black. Especially in this separation constancy of the conditions was 
highly critical. 
Separation of red cell proteins
 r , . JvtJiioH 
Red cell haemolysates were prepared by the addition of 1 vo^%dl.sf'"~ 
water to 1 volume of washed, packed red cells, obtained h°™frated°™t 
Then the preparations were frozen, thawed and centnfuged (20 mm., iwv g) 
to get a clear supernatant haemolysate. 
Haemoglobin was separated according to SCHMID (1965), yielding^two bands 
from which the slower one was more or less intensively red, accordmgto the 
Phenotype Hb A or Hb Aa. For Hb a, only one (the [aster) zone appeared-
Carbonic anhydrase was analysed according to the met hod of SANDBERG 
(^SWiththefollowingmodificationto 
fraction from interacting with the slower Hb zone. Haemoglobin was removed 
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from the sample by ethanol and chlorophorm precipitation (ROUGHTON and 
BOOTH, 1946): 0.25 ml ethanol was added to 0.25 ml haemolysate and mixed. 
Chlorophorm was added (0.25 ml) and immediately thoroughly mixed again 
on a Vortex mixer. After leaving the mixture for one hour in the refrigerator, 
the haemoglobin precipitate was centrifuged (10 min., 1500 g) and the clear 
supernatant used for electrophoresis. The enzyme fractions became visible as 
protein zones after amido black staining. 
Catalase was analysed according to KELLY et al. (1971). For this system 
sometimes repeated runs were required. The different phenotypes appear as 
dots rather than zones. The nomenclature as proposed by KELLY for this two-
allelic system was the following: F and S for homozygotes and M for the 
heterozygote. I will call the heterozygote FS which is more convenient in the 
treatment of genotypes. 
Blood protein types 
The blood protein patterns of four stallions of different stallion groups 
(Section 3.3.4) are given below as an example of the result of protein typing. 
The stallions were chosen based on their frequent occurrence as sire of the 
foals in my material. 
Stallion Pr Tf Al Es Hb CA Cat Group 
Talisman (S 389) 
Avenier (S 459) 
Basje H. (S 472) 
D-Sjors (S 498) 
LS 
SS 
SW 
LS 
DF 
RR 
FM 
MR 
FS 
FS 
FS 
SS 
FI 
II 
FI 
II 
AA 
AA 
Aa 
AA 
FI 
II 
II 
FI 
FS 
FS 
FS 
SS 
Old Dutch 
Bartje 
British 
Spotlight 
Reliability 
The reliability and agreement in nomenclature of protein polymorphism 
typings was checked with 'comparison tests' (organized by the International 
Society for Animal Blood group Research). Laboratories all over the world, 
actively working on red cell typing and starch gel electrophoresis of proteins 
in farm animals participate in these tests. Forty different blood samples (of e.g. 
horses) are analysed by all participants and the results compared. These tests 
are done each two years period to maintain uniformity between laboratories. 
All systems used in this study had been subjected to such tests, without serious 
problems. For the system prealbumin only a minority of test participants 
agreed, and not even fully. 
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4.3. STATISTICAL PROCEDURES 
Comparison of gene frequencies between groups 
The gene frequencies of protein systems were calculated per breeding region 
for stallions, mares and foals. Differences in gene frequencies were analysed 
with the G test (SOKAL and ROHLF, 1969). The G test is a log likelihood ratio 
test: G = 2 In L, where L = ratio of probabilities of the occurrence of a certain 
distribution, e.g. in a goodness-of-fit test or the analysis of a contingency table. 
Its use covers the same fields as the more traditionally applied X2 test, and the 
test statistic G is numerically rather similar to X2. SOKAL and ROHLF recom-
mend the use of the G test over the X2 test on theoretical and empirical grounds. 
The major advantage of the G test over X2 is in more complicated 
classifications, because of more elegant calculus, and this test allows more 
detailed analyses. In a comparison of several models in the analysis of gene 
frequency differences, Buis and KOOPS (1972) observed that the G test was 
less sensitive than the X2 test for the ratio of numbers in comparisons ot po-
pulations with unequal gene frequencies and unequal numbers. The independ-
ence of gene frequencies and breeding regions or other classifications was 
tested with G = 2 [(E f In f for the cell frequencies) - (Z f in f for the row and 
column totals)+ n In n] where n = S f, according to SOKAL and KOHLF 
(p. 600). The probability of G was based on the
 X
2
 distribution with the ap-
propriate number of degrees of freedom as usual in the X2 test. Comparisons 
were made using frequencies of alleles based on their actual numbers, i.e. twice 
the number of animals per sample. Absence of differences was chosen as null 
hypothesis. *•*<,* uv 
The relative genetic distances between breeding re8io"f * e f K e S t l ~ on 
the similarity index method of MAIJALA and LINDSTROM (1966), based only on 
gene frequencies. This index is calculated as 
r^Zxffi/VSxTirEy? 
where rs = similarity index, and x, and y, are gene frequencies for a ^ « 
in two comparable groups. The index is calculated ^ ^ ? " ^ j ^ b t a 
system, and averaged over systems. The results of both tests are no ^ m ^ 
because of different principles. The G test was used to « * ^ J ^ ^ 
groups of ponies may be pooled, the distance test to reveal relations between 
regions. 
Comparison of genotype frequencies „Ptintvr>e distributions were 
Differences between observed and expected genotype^dstn 
tested with the X2 test (SIEGEL, 1956). The ™"^0t^™™J^Zm or 
differences. The expected distributions were based on g e n e d c ^ ^ " e d 
chance ratios in segregation The < * ^ J « £ ^ £ t e ^ 
according to the model (q, + q, + • • • ^ J r m * * * * d deferences in fre-
q. to qm. Corrections were applied for breeding regions and cutter 
quencies between sires and dams. 
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The expected distributions were calculated separately for each breeding 
region and the results were pooled to compare the observed and expected ratios, 
to avoid an overestimation of the expected numbers of heterozygotes. 
The situation with gene frequency differences between parents results in an 
underestimation of the numbers of expected heterozygotes in the offspring, if 
the expected distribution is merely estimated with the gene frequencies in the 
offspring. A. ROBERTSON (1965) expressed the surplus of heterozygotes as 
i(q!-q2)2. This formula holds only for a two allele system and cannot be 
used for averaging over more alleles. A general equation was developed 
(BRASCAMP, 1975). Let qi* and qi** (i = l,m) be the gene frequencies in sires 
(*) and dams (**) for an m-allele system. The sires' gene frequencies are derived 
from their use, not from their actual number and thus can be considered as 
'weighted' gene frequencies. Then the numbers belonging to the frequencies 
are equal for males and females. Thus the average gene frequencies are 
qi = (qi* + qi**)/2. The fraction of homozygotes in the offspring is 
Ho = Iqi*qi**. Based on the average frequencies it would be Ho' = I(q92-
The corresponding fractions of heterozygotes are respectively He = 1-Ho and 
He' = 1-Ho'. Thus the surplus of heterozygotes (A) in the situation with un-
equal parental gene frequencies is 
A = He - He' = £(qj)2 - I f a f V * ) 
= I[|{(q i*)2+2q i*q i**4-(q i**)2}-i(4q i*q i**)] 
= iS(qi*-qi**)2 (1) 
This equation estimates the difference over m alleles. For a two-allelic 
system it equals the formula of A. ROBERTSON (1965), as given above. The 
expected numbers of heterozygotes in foals were adjusted for parental gene 
frequency differences by equation (1) per breeding region. 
Further procedures 
In the comparison of similarity indices between regions and the migration 
rates of stallions between regions the rank correlation (rR) test of Spearman 
(SIEGEL, 1956) was used, with rR = 0 as null hypothesis. 
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5. GENETIC EQUILIBRIUM AND SEGREGATION 
This chapter gives the results of the comparison of observed and expected 
genotype ratios in stallions (sires), mares (dams) and foals, preceded by a 
section on gene frequencies. The gene frequency research had a twofold 
purpose. Firstly, it served to evaluate the concept of breeding regions as 
developed in Chapter 3, until now based on sample distribution and migration 
pattern of stallions. Also gene frequency differences between stallion groups 
and between offspring groups (Section 3.3.4) were investigated. Secondly, it 
was used for a correct estimate of the expected numbers of animals per geno-
type where a stratification within the total area might be a source of bias. 
In this respect gene frequency differences between parents were also consider-
ed. 
The observed genotype distributions were compared with distributions 
expected by chance under conditions of genetic equilibrium and those resulting 
from segregating matings. Finally some aspects of the relation between average 
homozygosity and inbreeding, age and sex of the ponies were included. 
Throughout this chapter attention is paid not only to significant deviations 
(p < 0.05), but also to 'almost significant' deviations (p < 0.10). 
5.1. GENE FREQUENCY DISTRIBUTIONS 
5.1.1. Gene frequencies in relation to breeding regions 
In Table 5.1 gene frequencies for the included protein loci are given: prea -
bumin (Pr), transferrin (Tf), albumin (Al), esterase (Es), haemoglobin (Hb), 
carbonic anhydrase (CA) and catalase (Cat). This table serves as a basis for 
further sections in this chapter. Gene frequencies have been arranged according 
to breeding regions (Section 3.3.3) and are given separately for the foals and 
their parents. The standard deviations (s) of the respective gene frequencies (q) 
are not given. They are directly dependent on the freguenraesand the: total 
numbers (N) of animals per sample, according to s = V q ( l -q) / 2 N (LJj 15,J^-
The sires' gene frequencies were based on the use of stallions as sires and not on 
their actual occurrence. These 'weighted gene frequencies' resulted from 
£ S, * fj = 280 genotypes (Si = sire, fj = number of his sons in the foal sample). 
In Table 5.1 two alleles (Es5 and Es°) are pooled for their almost negligible 
frequencies. The average frequencies of all alleles in the total area are presented 
in Table 5.2, together with the average gene frequencies in the actual sires 
(n = 138). The frequencies in the actual sires and in those weighted for use were 
not significantly different (p > 0.10) for any locus as tested with the u rest. 
Table 5.2 gives also G values for differences between sires» (waited) arul 
dams, and between foals and parents in the total area, and for ditterences 
between breeding regions based on Table 5.1. 
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TABLE 5.2. Average gene frequencies in sires, dams and foals in total area, and G values for 
differences between gene frequencies1). 
Locus, Actual Sires, 
alleles sires weighted 
n=138 n = 280 
Pr F 
I 
L 
N 
S 
W 
Tf D 
F 
H 
M 
O 
R 
Al F 
S 
Es F 
I 
S,0 
HbA 
a 
CAF 
I 
CatF 
S 
Dams 
n = 280 
Foals G values 
between 
n = 280 
sires and dams; 
foals and 
parents 
0.007 
0.040 
0.373 
0.047 
0.413 
0.120 
G15 = 
0.005 
0.050 
0.371 
0.046 
0.408 
0.120 
: 17.777 
0.014 
0.046 
0.395 
0.070 
0.345 
0.130 
G,
 5= 26.544* Gi 
0.009 
0.030 
0.361 
0.050 
0.421 
0.129 
, = 30.262* 
0.123 
0.290 
0.036 
0.225 
0.043 
0.283 
0.127 
0.273 
0.038 
0.241 
0.034 
0.287 
0.157 
0.315 
0.013 
0.152 
0.061 
0.302 
0.138 
0.316 
0.027 
0.180 
0.043 
0.296 
G20 = 74.121*** G20 = 21.954 G20 = 44.804** 
0.312 
0.688 
0.329 0.279 
0.671 0.721 
G5 = 10.960(*> G5 = 2.306 
0.293 
0.707 
0.279 
0.714 
0.007 
G< 
0.295 0.295 
0.699 0.698 
0.006 0.007 
.
 3 5 842*** Q5 = 35.389*** G5 = 36.214*** 
0.280 
0.711 
0.009 
0.870 
0.130 
0.870 0.829 
0.130 0.171 
= 19.892*** G5 = 7.057 
0.827 
0.173 
G5 = 19.013* 
0.087 
0.913 
0.109 
0.891 
G5 = 3.748 
0.077 
0.923 
G< = 6.597 
0.210 
0.790 
0.205 0.296 
0.795 0.704 
= 9.638'*' G5 = 7.753 
0.077 
0.923 
G5 = 4.621 
0.246 
0.754 
G, = 17.623** 
G5 = 
8.980 
4.532 
G5 = 
26.584*** 
1.020 
3.311'*' 
0.162 
Gi = 
0.001 
0.194 
Gi = 
3.691 (*» 
1.094 
G1 = 
3.414(*> 
0.923 
G1 = 
12.403 
0.038 
>) Results of G test for homogeneity of frequencies ^ ^ f ^ f ^ Z t 
lined. Average gene frequencies were tested between s.res (weighted) ana 
foals and mid-parent values. „ „. „ , n m *** = P < 
Significances of G d f . :<•> = p < 0.10, * = P < 0.05, = P < 0-10, 
1) are under-
and between 
0.001. 
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Gene frequency homogeneity within total area 
Homogeneity in gene frequencies between breeding regions was tested to 
see whether regions could be pooled for the genotype ratio analysis. The G test 
was used to check how far the differences between regions were significant. 
To avoid overestimations of differences, low frequency alleles were pooled 
before testing (prF + , + N and Tf+°). The resulting G values are given 
together with their significances in Table 5.2, calculated separately for sires 
(weighted), dams and foals. Only for CA were there no significant differences. 
The most significant deviations occurred for Es. At all other loci more or less 
significant deviations from homogeneity were traced. The observed differences 
between regions were further investigated to reveal between which regions 
they were most pronounced, and which regions could perhaps be pooled 
before the genotype distribution comparison. 
Two approaches were followed for this purpose. Firstly, the gene frequency 
similarities (rs) were calculated over all loci and between all regions to indicate 
the relative distances between regions. The similarities were compared with the 
migration pattern, described in Section 3.3.5, to investigate a mutual relation. 
Secondly, the gene frequency differences per locus between pairs of regions were 
tested (G test) to reveal the absolute differences. 
Similarity indices and migration pattern 
Similarity indices between regions were calculated with the foal gene fre-
quencies, and averaged over loci. The focal gene frequencies were supposed to 
reflect the migration pattern of stallions and the existing differences in gene 
frequencies between regions in the mares. The migration rates (M) 
between region pairs were estimated from the data in Table 3.6, with 
M = (m^t! + m2/t2)/2 (n^ and m2 are numbers of stallions, immigrated 
from region 2 to 1 and 1 to 2, and tx and t2 are total numbers of stallions used 
in both regions). M was not only estimated with the stallions approved in 1972 
(Mj) but also with the sires, weighted for use, of the foal sample (M2). M2 was 
expected to be most representative for the gene frequency pattern in the total 
breeding area. 
The resulting similarity indices and migration rates are given in Table 5.3. 
The rank correlation method showed a significant relation (p < 0.01) between 
M] and M2. There was no significant relation between rs and M : or M2 pat-
terns. The slightly negative relation between rs and M2 is illustrated by sche-
matizing the five highest values of rs and M2, thus including all regions at 
least once (Scheme 2, p. 51). 
The combined results may represent two stages in a recurrent process of 
gene diffusion from the centre to the periphery, followed by differentiation of 
the central gene frequencies from the peripheral ones by further breeding, etc. 
Thus both results are not necessarily contradictory but may be considered as 
complementary. There is, however, not enough evidence to support this idea. 
Moreover the position of region S would create a problem: there was an 
intensive exchange of stallions between this region and region CE, but a relati-
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TABLE 5.3. Migration rates of stallions and gene frequency similarities of foals between pairs 
of breeding regions. 
Regions 
N 
E 
CE 
CW 
W 
s 
N 
-
0.9863) 
0.974 
0.963 
0.986 
0.989 
E 
0.0541) 
0.0102) 
-
0.965 
0.963 
0.978 
0.982 
CE 
0.183 
0.182 
0.180 
0.231 
-
0.981 
0.981 
0.969 
CW 
0.056 
0.152 
0.121 
0.082 
0.241 
0.384 
-
0.971 
0.969 
W 
0.000 
0.015 
0.052 
0.069 
0.122 
0.204 
0.141 
0.157 
0.987 
S 
0.167 
0.137 
0.102 
0.134 
0.251 
0.175 
0.194 
0.205 
0.195 
0.127 
Upper right: *) migration rates of stallions approved in 1972 (M:) 
*) migration rates of sires, weighted for use, of foals born in 1973 (M2) 
Lower left: 3) similarity indices of gene frequencies of foals (rs) 
Rank correlations: rR (M„ M2) = 0.707**, rR (M„ r.) = -0.086, rR (M2, r.) = -0.330. 
** = p < 0.01 
vely low rs value between both (Table 5.3). 
The gene frequency similarities may indicate how to pool central against 
peripheral regions, but since region S was a problem I did not do tms. 
Gene frequency differences between breeding region P a » " 
There were no significant deviations (p > 0.10) of the foals .gene ^ " f " " " 
from their parents' average frequencies within regions shown b>-the^r test. 
The foal frequencies could thus be considered as representative for the.! parents 
frequencies as well. Homogeneity of foal frequencies was tes tedi italI pairs* 
regions for all loci where deviations from homogeneity had been observe 
(Table 5.2). The same low gene frequencies as mentioned abov we e.pooled 
The resulting significance levels for deviation from homogeneity within pairs 
Main rs p a t t e r n 
Main M 2 pat tern 
(w) (cw)-® 
:® ® 
SCHEME 2. Main patterns. 
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are presented in Table 5.4. There were no regions between which homogeneity 
occurred for all loci. At least two and maximally four loci were always devia-
ting. The most obvious differences occurred for the locus Es, especially in com-
parisons involving region E. 
Although the central regions CE and CW differed only for two loci, the 
expected congruence between CE and S was not observed. The homogeneity 
between adjacent regions did not seem larger (to be expected from the migration 
pattern) than between non-adjacent ones. As a whole the pattern of hetero-
geneity did not present enough evidence to pool two or more regions. 
TABLE 5.4. Summary of significant deviations from gene frequency homogeneity in foals 
between paired regions, based on corresponding G values. 
Locus Paired regions 
^— ?L_ 5L_ N _ *L_ 5 _ I _ *L_ E__ CE CE CE CW CW W 
E CE CW W S CE CW W S CW" W ~ S W ~ S S 
Pr 
Tf 
Es 
Hb 
Cat 
— 
_ 
* 
* 
-
_ 
(*) 
** 
* 
(*) 
- _ _ ** 
_ *** *** *** 
** _ ** 
(*) *** _ (*) 
** 
__ 
_ 
(*) 
-
* 
*# 
** 
** 
-
* 
* 
_ 
* 
* 
_-(*) 
_ 
*** 
* 
** 
-
** 
_ 
-
Significance: <*> =
 p < 0.10, * = p < 0.05, ** = p < 0.01, *«•• = p < 0.001. 
Consequences of region differences for the expected number of 
homozygotes in the genotype ratio analysis 
are? a C 0 n s e c l u e i \ c e o f the observed gene frequency heterogeneity in the total 
unde r eLTHCtTi, n U m b e r ° f h o m o zyg™s animals per genotype may be 
naerestimated The magnitude of this underestimation is presented in Table 
dam 7nHXrC n r ? e r S ° f homozyg°tes are given for sires (actual number), 
ThTv were oaf S ' , C ^ U l a t e d 0VCr t h e C O m P l e t e a r e * ™d P°° l e d o v e r r£gionS-
ma s) The m t t K M ^ PCf l0CUS <* = ^ f r e « , n = nr- ° f ani" 
S f i i bcu^n T d l f f e r e n C e S o c c u r r e d f o r ^ 7/Tocus in sires and for 
ine^slocus in sires, dams and foals. 
of 2e3y°SrPe! tyfbe, t?en r e g i o n s c a u s e d differences in expected homozygotes 
devt i ioer 'enr V'V4 ^ ^ °VCr a» loci" A r*lation betwe6n ** 
obs rved e n e l n 8 6 ^ u h e g 6 n e fle*u™y heterogeneity (Table 5.2) was 
(Section^ "thee y ? 7 h e l 0 d r / a n d *- I n * e genotype ratio analysis 
per region for all l o H / T b e r S ° f a n i m a l s P e r g e n o tyP e w i l 1 b e c a l c u l a t e d g tor all loc, and subsequently pooled to cover the total area. 
3-3.4 (Old Dutch R ? ? V f ° u r s t a l l i o n §rouPs as formulated in Section 
foals were analvsed f.2 fc " t l S h ^ S p ° t l i g h t ) a n d t h e i r o f f s P r i n g i n t h e 2 8 
^ naiysedfor homogeneity between groups. 
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TABLE 5.5. Comparison of expected numbers of homozygotes, based on gene frequencies 
in total area and after pooling of regions. 
Locus 
Pr 
Tf 
Al 
Es 
Hb 
CA 
Cat 
Total 
Sires (n = 138) 
total 
45.3 
32.2 
78.7 
81.1 
106.8 
116.0 
91.8 
551.9 
pooled 
46.0 
35.1 
79.1 
87.6 
107.8 
116.3 
92.8 
564.7 
diff.% 
1.5 
8.3 
0.5 
7.4 
0.9 
0.3 
1.1 
2.3 
Dams (n = 280) 
total 
83.8 
67.7 
167.3 
160.8 
200.6 
240.2 
165.5 
1085.9 
pooled 
86.4 
70.2 
167.8 
173.6 
202.1 
240.9 
165.7 
1106.7 
diff.% 
3.0 
3.6 
0.3 
7.4 
0.7 
0.3 
0.1 
1.9 
Foals (n = 280) 
total 
91.6 
67.6 
164.0 
163.5 
199.9 
240.2 
176.4 
1103.2 
pooled 
94.2 
71.6 
164.4 
178.3 
202.2 
240.3 
178.2 
1129.2 
d.ff.% 
2.8 
5.6 
0.2 
8.3 
1.1 
0.0 
1.0 
2.3 
In the stallion groups only almost significant deviations (p < 0.10) were 
observed: for prealbumin a high frequency of Pr1 was observed in Spotlight-
derived stallions (0.520 vs. 0.288, 0.259 and 0.333) and a low Pr5 frequency 
(0.304 vs. 0.481, 0.483 and 0.434). The highest AlF frequencies were found in 
the British stallions and offspring, and in the Spotlight offspring (0.383 and 
0.353 vs. 0.212 and 0.241). In the offspring groups only an almost significant 
(p < 0.10) deviation from homogeneity occurred in prealbumin, mainly due to 
a higher Pr5 frequency (0.486 vs. 0.407, 0.409 and 0.393) and a lower Pr 
frequency (0.264 vs. 0.414, 0.364 and 0.414) in the Bartje group. 
From these deviations the following conclusion may be drawn. The British 
stallions, included Spotlight, must have possessed a higher Al frequency which 
was dispersed in the Dutch population. Spotlight must have introduced a 
relatively high PrL frequency, dispersed in the population but not observed in 
Bartje's offspring. Another conclusion is that the gene frequencies between 
the groups of offspring only deviated almost significantly for one locus in-
dicating that there were no sharp borders between the gene frequencies ot tne 
groups. The separate groups will not be dealt with furthermore. 
5.1.3. Gene frequency differences between sires and dams 
Gene frequency differences between the foals' parents were tested for :signi-
ficance, within regions, after pooling of low gene frequencies as done in Section 
5.1.1. For each locus there was an almost significant difference (p <0.10) 
at least within one region. .
 f • „ 
The same difference was tested for the averaged gene frequencies lor sires 
and dams, yielding almost significant differences in four loci (1 able 3u£ 
Thus a relative shortage of homozygous offspring was to be exported, inis 
shortage was estimated by the method described in Section 4 3 and presented 
in Table 5.6, together with the significances of the parental | f ™ ^ ™ * 
differences based on the G test. There was a relation between thesgn ficances 
and the rate of shortage of homozygotes. The R a t i o n s
 Pei . « g ^ J J £ 
expressed as a weighted mean, based on numbers of foals per region, over the 
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TABLE 5.6. Expected shortages of homozygotes in foals due to gene frequency differences 
between sires and dams, per locus and region. 
Locus 
Pr 
Tf 
Al 
Es 
Hb 
CA 
Cat 
N 
n = 33 
0.011 
0.004 
0.001 
0.000 
0.001 
0.000 
0.009* 
E 
n = 56 
0.003 
0.005 
0.019** 
0.001 
0.001 
0.001 
0.003 
Regions 
CE 
n = 50 
0.002 
0.016** 
0.002 
0.015** 
0.002 
0.003* 
0.011* 
cw 
n = 42 
0.005 
0.010 
0.003 
0.007 
0.003 (*» 
0.001 
0.006 
W 
n = 44 
0.013* 
0.012* 
0.002 
0.000 
0.002 
0.001 
0.001 
S 
n = 55 
0.006 
0.002 
0.000 
0.003 
0.001 
0.002 (*> 
0.004 
Average 
over 
regions 
0.006 
0.008 
0.005 
0.005 
0.002 
0.001 
0.006 
In 
area 
0.001 
0.003*** 
0.001 <*> 
0.000 
0.001 (*> 
0.001 
0.004*** 
Significances, based on G test for homogeneity between sires' and dams' gene frequencies per 
locus and region: <*> = p<0.10, * = p <0.05, ** = p <0.01, *** = p <0.001. 
Zrl I t ' 1 a v ^ a g e deviation reached the 1 % level. The average deviations 
r r
 a f r r , r ca i?uia ted °ver the p°°ied ^  ^^JS m the ^ai 
exne'cted , ^ * u ^ ^ d e V i a d ° n S W e r e u s e d • * t h e estimation of 
expected genotype numbers in the genotype ratio analysis. 
5.1.4. Conclusion 
f o r ^ r i n ^ w l ? 6 8 e n e „ f r e c ? u e n c y analysis indicated frequency differences 
notlo be d ^ 1 TZ a ° f 1 " ° f r e g i ° n S - T h e m i § r a t i o n P a"ern was shown 
resuh no ^ * ^ g e n e f r e q U 6 n C y s i m i l a r i t y Pa«ern. Based on this 
r e n r e e i T w ' W e r e . P ° ? ^ M y Sys tem ' b u t ^ t e a d the differences be-
oT aninTa8,' " I ! T S ^ *"** U n b i a 8 s c d e S t i m a t e s o f ^pected numbers 
the S s t e S
 s i fnT ^ i T ^ 8 e n e freqUenCy d i f f e r e n c e s b e t ^ e n parents of 
inalmo t S S ? 3 " ^ T " S ° m e S y S t e m s a n d ™Z™> b i t resulted 
almost negligible deviations of the expected numbers of animals per genotype. 
5.2. GENETIC EQUILIBRIUM DISTRIBUTIONS 
5.2.1. Introduction 
typTetfermlnrrwith tf s t a l l i r ( s i r e s x mares ( d a m s > a n d f°a i s p* g-°-
e q u i l S m r T o s T h f T?*** ^ ^ ^ PCT g e n 0 t y ? e b a s e d o n § e n e t i c JiTr5-r t e d -n u m b e n were caicuiated pe r «**<». p°° i e d 
Section"^ The
 e u^s f renCC ? f^ ^ f r e q U 6 n d e s a« described in 
(1) For thl T I , P r e s e n t e d per locus in the following way 
n ^ ^ ^ ^ ^ ^ ! f ^ * * t h e homozygLs 'a re given, 
given in ^ t ^ Z ^ o Z ^ ^ £ g T ^ ^ " " 
- s u r e of deviation of observed f j ^ S s ^ = 
54 
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some loci low frequency alleles were pooled as indicated in the tables. The 
degrees of freedom (d.f.) were obtained as: d.f. = number of genotypes -
(number of alleles-1) - 1. (3) At the multi-allelic loci the individual alleles were 
tested for deviations of their genotypes, arranged as XiXh XiYt and YiYi where 
Xt = the tested allele and Yt = all others pooled. (4) The pooled homozygotes 
and heterozygotes per locus were tested for deviations from expected numbers. 
(5) The effect of calculating the expected numbers per genotype per region was 
considered. 
5.2.2. Genotype distributions in sires, dams and foals 
Individual genotypes 
The results of the investigation of genotype distributions for prealbumin and 
transferrin are given in Table 5.7. For both loci almost significant deviations 
were observed: for Pr in foals, and for Tf in dams. The analysis of individual 
alleles revealed only an excess of Prw homozygotes in dams. The deviations at 
the Pr locus consisted of excesses of homozygotes and heterozygotes. At the 
Tf locus excesses of heterozygotes were most important. 
The results for the other loci are given in Table 5.8. For Es, the alleles Es and 
Ess were pooled with Es1 previous to the X2 test. For Hb and CA genotype 
pools were made. They had the effect of reducing those loci to loci with domin-
ance for one allele, but with extrinsic knowledge on gene frequencies. Thus the 
X2 test could be applied, with one degree of freedom. A significant (p < 0.05) 
shortage of homozygotes was observed for Hb in dams. Almost significant 
(P < 0.10) shortages of homozygotes were observed for Al in dams and for Es 
in dams and foals. , 
At the loci Pr and 7/"several low-frequency alleles were present: Pr , Pr and 
PrN, resp. Tf and Tf. It was checked whether there were more homozygotes 
than was expected for these alleles, with respect to possible frequency-depen-
dent selection. The resulting numbers of pooled homozygotes were too low to 
support this hypothesis. , , 
The only significant deviation (p <0.05) was observed for the Hb locus in 
dams. The other deviations could merely be considered as tendencies, tne 
direction of which was hard to estimate. In the next section the respective homo-
zygotes and heterozygotes per locus were pooled, and finally the numbers 
obtained were pooled over all loci to estimate the average degree ot nomo-
zygosity within sires, dams and foals. 
Comparison of pooled homozygotes and heterozygotes perlocu^ 
The pooled observed and expected numbers of homozygotes pe locus are 
given in Table 5.9. Within loci the following deviations (p <U.llJJ »'ere 
served: excess of homozygotes for Pr in dams, and short ages tor ij 
and for Es in dams and foals. The excess of homozygotes for Pr may be ascribea 
mainly to the alleles PrL and Prw, which fits with the shortageolPr 
heterozygotes. The shortage of Tf homozygotes should be mainly due to 
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TABLE 5.7. Observed and expected genotype numbers for prealbumin and transferrin in 
sires, dams and foals. 
Pr-
geno-
type 
FF 
II 
LL 
NN 
SS 
WW 
FI 
FL 
FN 
FS 
FW 
IL 
IN 
IS 
IW 
LN 
LS 
LW 
NS 
NW 
sw 
XI: 
ForX 
pooled 
Prealbumin 
Sires 
n = 
obs. 
0 
0 
14 
0 
25 
3 
0 
1 
0 
1 
0 
7 
0 
2 
2 
5 
46 
16 
7 
1 
8 
= 138 
exp. 
0.0 
0.2 
19.4 
0.3 
23.7 
2.0 
0.1 
0.7 
0.1 
0.8 
0.2 
4.1 
0.5 
4.6 
1.3 
4.8 
42.3 
12.3 
5.4 
1.6 
13.6 
8.300 
Dams 
n = 
obs. 
1 
1 
50 
6 
32 
10 
0 
2 
0 
2 
2 
10 
0 
12 
2 
9 
77 
23 
15 
3 
23 
= 280 
exp. 
0.0 
0.7 
44.0 
1.6 
33.8 
5.9 
0.4 
3.2 
0.5 
2.7 
1.0 
10.1 
1.8 
8.9 
3.3 
15.3 
75.6 
28.2 
13.5 
5.1 
24.4 
9.867 
Foals 
n = 
obs. 
0 
1 
33 
2 
44 
9 
1 
1 
0 
2 
1 
3 
0 
;; 
0 
9 
98 
25 
12 
3 
25 
= 280 
exp. 
0.0 
0.5 
37.2 
0.9 
50.3 
5.2 
0.1 
1.8 
0.2 
2.1 
0.6 
6.0 
0.8 
6.9 
2.2 
9.9 
84.3 
25.6 
11.8 
3.6 
30.0 
10.748 <*> 
2
 calculation: alleles F + I+ N 
Tf-
geno-
type 
DD 
FF 
HE 
MM 
00 
RR 
DF 
DH 
DM 
DO 
DR 
FH 
FM 
FO 
FR 
HM 
HO 
HR 
MO 
MR 
OR 
Y2 . A 1 0 -
ForX 
Transferrin 
Sires 
n = 
obs. 
3 
9 
0 
5 
1 
11 
12 
4 
4 
2 
6 
0 
23 
3 
24 
2 
0 
3 
2 
21 
3 
= 138 
exp. 
2.1 
12.5 
0.2 
7.9 
0.2 
12.0 
9.8 
1.2 
7.6 
1.4 
9.3 
2.9 
17.2 
3.4 
22.0 
2.2 
0.4 
2.8 
2.7 
16.8 
3.4 
15.635 
Dams 
n = 
obs. 
5 
23 
0 
4 
0 
24 
29 
1 
20 
1 
21 
2 
31 
9 
60 
0 
0 
4 
4 
22 
14 
= 280 
exp. 
7.1 
28.4 
0.1 
6.9 
1.4 
25.7 
27.5 
1,1 
13.4 
5.4 
26.5 
2.2 
26.5 
10.5 
52.8 
1.1 
0.4 
2.2 
5.2 
25.5 
10.1 
16.295'*' 
Foals 
n = 
obs. 
7 
27 
0 
10 
1 
25 
18 
3 
12 
7 
23 
4 
36 
6 
59 
4 
0 
4 
4 
25 
5 
= 280 
exp. 
5.8 
28.7 
0.4 
10.2 
0.6 
25.9 
24.2 
2.1 
13.5 
3.3 
22.3 
4.7 
31.5 
7.5 
51.9 
2.7 
0.6 
4.0 
4.3 
29.3 
6.5 
10.778 
2
 calculation: alleles H + 0 
pooled 
Significances: In X2 test, <*> = p <0.10. In table, numbers that deviate at a rate of (obs, 
exp.)2/exp. > 1.0 with exp. >5.0 are in italic. 
allele Tf (Table 5.7). The pooling of homozygous or heterozygous genotypes 
was especially informative for the multi-allelic loci but for the two-allelic loci 
information was lost. 
The comparison of numbers of observed and expected homozygotes and 
heterozygotes, pooled over all loci, revealed a significant (p <0.05) shortage 
of homozygosity in dams. The loci Tf, Al, Es and Hb could be considered as 
responsible for the observed shortage, even compensating the homozygous 
excess in Pr. Although in sires and foals the excess of Pr homozygotes was 
absent, the pooled numbers of observed homozygotes were not significantly 
less than expected. 
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TABLE 5.8. Observed and expected genotype numbers for albumin (Al), esterase (Es), 
haemoglobin (Hb), carbonic anhydrase (CA) and catalase (Cat) in sires, dams and foals. 
Locus, 
genotypes 
Al FF 
FS 
SS 
Es FF 
FI 
II 
Hb AA 
Aa 
aa 
CA FF 
FI 
II 
Cat FF 
FS 
SS 
Sires 
n=138 
obs. exp. 
11 13.3 
64 59.1 
63 65.6 
X? = 0.907 
11 12.6 
53 48.5 
74 76.9 
Xf = 0.730 
104 105.2 
32 30.5 
2 2.3 
X? = 0.020 
2 1.1 
20 21.9 
116 115.0 
Xf = 0.013 
6 6.1 
46 45.4 
86 86.5 
Xf = 0.012 
} 
! 
Dams 
n = 280 
obs. exp. 
15 21.7 
126 113.1 
139 145.2 
Xf = 3.805( 
23 22.7 
118 103.2 
139 154.1 
XI = 3.606 
187 193.2 
90 78.2 
3 8.6 
Xf = 5.627* 
0 2.0 
43 39.3 
237 238.7 
Xf = 0.028 
23 24.9 
120 115.1 
137 140.0 
Xf = 0.435 
:*) 
(*) 
} 
Foals 
n = 280 
obs. exp. 
25 24.4 
114 115.6 
141 140.0 
Xf =0.146 
21 20.4 
111 96.6 
148 163.0 
Xf = 3.367(*» 
192 192.4 
79 77.8 
9 9.8 
Xf = 0.085 
0 1.7 \ 
43 39.6 J 
237 238.7 
Xf = 0.028 
18 18.6 
102 101.6 
160 159.8 
Xf = 0.021 
Genotype pooling for X2 calculation (see text) indicated by brackets. 
Significance: (*> = p < 0.10, * = p < 0.05. 
Effect of breeding regions on expected genotype distributions 
In the calculation of the expected numbers of animals per genotype the 
pooled numbers per region were used, combined with a correction for parental 
gene frequency differences. How much did this approach deviate from the one 
in which the expected numbers would be derived directly from the gene fre-
quencies in the total area and not corrected for parental gene frequency 
differences? Since the last correction was almost negligible, the main difference 
between both approaches would result from the breeding region distribution. 
In genotype comparisons, the deviations for Pr in dams would reach a 
significance level of p < 0.05 (X§ = 13.568), because of a 3% reduction in 
expected number of homozygotes (Table 5.5). The largest influence would be 
for Es in dams and foals, where the deviations would be completely insignificant 
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TABLE 5.9. Observed and expected numbers of homozygous genotypes for all loci in sires, 
dams and foals. 
Locus 
Pr 
Tf 
Al 
Es 
Hb 
CA 
Cat 
Total 
Sires (n = 
obs. 
42 
29 
74 
83 
106 
118 
92 
544 
exp. 
45.6 
34.9 
78.9 
87.6 
107.5 
116.1 
92.6 
563.2 
138) 
x? 
0.315 
1.119 
0.573 
0.526 
0.042 
0.106 
0.000 
1.570 
Dams (n = 
obs. 
100 
56 
154 
158 
190 
237 
160 
1055 
exp. 
86.0 
69.6 
166.9 
172.9 
201.8 
240.7 
164.9 
1102.8 
280) 
X? 
3.058(*> 
3.282<*> 
2.281 
3.135(*> 
2.266 
0.300 
0.211 
4.737* 
Foals n = 
obs. 
89 
70 
166 
164 
201 
237 
178 
1105 
exp. 
94.1 
71.6 
164.4 
178.4 
202.2 
240.4 
178.4 
1129.5 
280) 
X? 
0.339 
0.023 
0.017 
2.985(*> 
0.008 
0.247 
0.000 
1.254 
X2 calculated over homozygotes and heterozygotes. 
Significance: (*' = p < 0.10, * = p < 0.05. 
(Xj = 0.161 and 0.064) due to an 8% reduction of the expected number of 
homozygotes. Furthermore no differences would occur for individual geno-
types. 
In the pooled homozygotes or heterozygotes the Pr homozygous excess in 
dams would reach a significance of p < 0.05 (X? = 4.469) but the Tf homo-
zygous shortage would be reduced below p > 0.10 (X? = 2.446). Again the Es 
deviations would disappear in dams and foals (X? = 0.004 and 0.115). The 
excess of average homozygosity in dams would not be significant either 
(X? = 1.909), due to a reduction of the expected number from 1102.8 to 1085.4. 
In sires and foals the differences between observed and expected numbers of 
homozygotes would disappear almost completely. 
Hence the results of the comparison of genotype distributions were largely 
dependent on the concept of breeding regions and its consequences. Thus my 
study proved the need for the use of data on the structure of a population in 
the evaluation of genotype distributions. 
5.2.3. Average homozygosity 
Besides the ratio of observed and expected genotypes the average degree of 
homozygosity or heterozygosity as estimated from the observed genotype 
numbers was considered to contribute to the discussion on genetic equilibrium. 
The average homozygosity (Ho) was estimated in sires, dams and foals as the 
traction of homozygous genotypes summarized over all loci relative to the 
n T ^ r ? ? $-g e n° t yP e s (Le" 7 x samPle number). Derived from the totals 
dZttX\ T °?3 i n SirCS' °-538 i n d a m s a n d °-564 in foals. The 
S L i T f " V^damS a n d i n f ° a l s W a s a l m o s t significant, as concluded 
ygot s (X> - 2 s T n Ztn*™1 ^ ^ ° f h o m < W * and hetero-
S £ J f i '•P u-10)- B e ^ U S e ° f t h e o b s e r v e d differences there was 
the likelihood of relation between Ho and sex or age. This possibility was in-
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Average homozygosity 
0.8 12 24 14 16 9 11 ID 8 9 3 12 8 2 s i r e s 
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—i 1 r— 
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FIG. 5.1. Average homozygosity in sires and dams in relation to age. 
vestigated. Since a relation between Ho and inbreeding is possible, this relation 
was also studied. 
Relation of Ho to sex and age 
The relation of Ho to sex was investigated in the foals, being all of the same 
age. The foal sample consisted of 102 males and 178 females. Including all 
protein loci, a homozygous genotype was observed 402 times in the males, and 
178 times in the females. Therewas no significant difference between both 
(X? = 0.024). The estimates of Ho in males and females wereO.560 and 0.576, 
respectively. It is not likely that the tendency of Hodams < HoSires is caused by 
a sex difference. . 
The relation between I E and age was investigated in dams and sires, being 
of various ages. The Ho values estimated per age class are given in Fig. 5.1. 
The differences in numbers of animals per class, especially in the older classes, 
made it difficult to interpret the result correctly. 
From the present data no relation between Ho and sex or age could be 
deduced. 
Relation of Ho to inbreeding _ 
The relation between E6 and inbreeding was investigated by calculating Ho 
in groups of foals arranged in inbreeding classes as used in Fig. 3.5. The result 
is presented in Fig. 5.2. In the non-inbred foals (Fx = 0), Ho = 0.66. Based 
on this figure the expected increase of Ho according tojhe inbreeding classes 
can be estimated as 0.66 x (1 + Fx). The increase of Hoeip was only relevant 
in the highest classes (Fx > 0.064, leading to Hoexp. > 0.7) It could not be 
concluded from the present data whether there was a relation between Ho and 
Fx , because of the low numbers of foals in the higher inbreeding classes. 
5.2.4. Conclusions andremarks .
 nonM-
Significant deviations from genotype distributions as expected with genetic 
equilibrium were observed only at the Hb locus in dams as a shortage ot homo-
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TABLE 5.10. Segregation of prealbumin (Pr) alleles (see text). 
Alleles 
of Pr 
F 
I 
L 
N 
S 
w 
Mating 
FYx YY 
YYx FY 
IYxIY 
IYx YY 
YYxIY 
LL x LY 
LYx LL 
LYx LY 
LYx YY 
YYx LY 
NYx NY 
NYx YY 
YYx NY 
SSx SY 
SYx SS 
SYxSY 
SYx YY 
YYx SY 
WYx WW 
WYx WY 
WYx YY 
YYx WY 
n 
3 
6 
4 
24 
20 
12 
21 
73 
69 
37 
3 
23 
27 
15 
15 
65 
65 
49 
2 
13 
40 
41 
obs. 
„ 
-
1 
-
-
4 
11 
15 
-
-
2 
_ 
-
7 
9 
22 
-
-
2 
5 
-
-
XX 
exp. 
_ 
-
1.0 
-
-
6.0 
10.5 
18.3 
-
-
0.8 
-
-
7.5 
7.5 
16.3 
-
-
1.0 
3.3 
-
-
Offspring1) 
XY 
obs. 
1 
3 
2 
7 
5 
8 
10 
38 
31 
22 
1 
5 
11 
8 
6 
33 
38 
31 
0 
7 
18 
18 
exp. 
1.5 
3.0 
2.0 
12.0 
10.0 
6.0 
10.5 
36.5 
34.5 
18.5 
1.5 
11.5 
13.5 
7.5 
7.5 
32.5 
32.5 
24.5 
1.0 
6.5 
20.0 
20.5 
obs. 
2 
3 
1 
17 
15 
-
-
20 
38 
15 
0 
18 
16 
_ 
-
10 
27 
18 
-
1 
22 
23 
YY 
exp. 
1.5 
3.0 
1.0 
12.0 
10.0 
-
-
18.2 
34.5 
18.5 
0.7 
11.5 
13.5 
-
-
16.2 
32.5 
24.5 
-
3.2 
20.0 
20.5 
Xl,2 
_ 
-
-
3.376<*) 
4.050* 
0.750 ) 
0.000 J 
0.809 
0.522 ) 
0.972 J 
-
6.260* 1 
0.592 J 
0.000 ) 
0.266 J 
4.447 (*> 
1.538 ) 
2.938(*' j 
-
-
0.226 \ 
0.390 / 
XI 
comb.2) 
[ 7.364* 
0.122 
0.000 
5.120 
0.034 
4.246* 
0.790 
^InXnest id.f . = 1 in (XX x XY) matings,d.f. = 2inXYx AT matings. 
2) Reciprocal matings combined. 
Significance: <*> = p < 0.10, * = p < 0.05. 
was represented as XX, I T and YY. The same offspring notation was used for 
the actual two-allelic loci. The deviations of observed from expected ratios 
were checked by the X2 test. 
5.3.2. Results 
The results of segregation are given in Tables 5.10-12. First the multi-
allelic loci are discussed, followed by the two-allelic ones. 
At the prealbumin locus comparable kinds of deviation were observed for 
Pr1 and Pr": matings of Pr(IY x Y) and (NY x Y) yielded a shortage of hetero-
zygous offspring. For the allele Pr5, an excess of Pr SY heterozygotes resulted 
from the mating of Pr SY x SY and (SY x Y). The possibility of a mutual re-
lation between the deviations in-the allele Pr5, and the alleles Pr' and Pr" was 
investigated with the actual segregational genotypes. There were no Pr IS x S 
or NS x S matings, and only one Pr S x IS -»IS resp. S x NS -> NS mating 
was observed. The analysis of all segregating matings, in which only the alleles 
PrL and Pr5 were involved (n = 78), yielded only one type of deviation: the 
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TABLE 5.11. Segregation of transferrin (Tf) alleles (see text). 
Alleles 
of 77 
D 
F 
H 
M 
0 
R 
Mating 
( J X ? 
DD x DY 
DYx DD 
DYx DY 
DYx YY 
YYx DY 
FFxFY 
FYx FF 
FYx FY 
FYx YY 
YYx FY 
HYxHY 
HYx YY 
YYx HY 
MMxMY 
MYxMM 
MYxMY 
MYx YY 
YYx MY 
OYx OY 
OYx YY 
YYx OY 
RR x RY 
RYx RR 
RYx RY 
RYx YY 
YYx RY 
n 
1 
2 
18. 
45 
59 
3 
11 
60 
51 
70 
1 
20 
6 
5 
3 
31 
77 
40 
2 
15 
32 
16 
11 
44 
54 
66 
XX 
obs. 
1 
2 
4 
-
-
2 
8 
17 
-
-
0 
-
-
1 
1 
8 
-
-
1 
-
-
7 
5 
13 
-
-
exp. 
0.5 
1.0 
4.5 
-
-
1.5 
5.5 
15.0 
-
-
0.3 
-
-
2.5 
1.5 
7.8 
-
-
0.5 
-
-
8.0 
5.5 
11.0 
-
-
Offspring1) 
XY 
obs. 
0 
0 
10 
20 
28 
1 
3 
27 
30 
40 
0 
13 
2 
4 
2 
12 
36 
18 
0 
5 
16 
9 
6 
25 
24 
29 
exp. 
0.5 
1.0 
9.0 
22.5 
29.5 
1.5 
5.5 
30.0 
25.5 
35.0 
0.5 
10.0 
3.0 
2.5 
1.5 
15.5 
38.5 
20.0 
1.0 
7.5 
16.0 
8.0 
. 5.5 
22.0 
27.0 
33.0 
YY 
obs. 
-
-
4 
25 
31 
-
-
16 
21 
30 
1 
7 
4 
-
-
11 
41 
22 
1 
10 
16 
_ 
-
6 
30 
37 
exp. 
-
-
4.5 
22.5 
29.5 
-
-
15.0 
25.5 
35.0 
0.2 
10.0 
3.0 
-
-
7.7 
38.5 
20.0 
0.5 
7.5 
16.0 
_ 
-
11.0 
27.0 
33.0 
Xi> 2 
-
-
-
0.356 
0.068 
-
1.454 
0.634 
1.254 
1.158 
-
1.250 
-
-
-
2.161 
0.208 
0.226 
-
1.066 
0.000 
0.062 
0.000 
1.228 
0.462 
0.741 
) 
I 
) 
} 
) 
! 
} 
}• 
' Xf 
comb.2) 
0.472 
1.786 
2.678 
0.346 
0.548 
0.340 
0.250 
1.408 
*) InX2 test: d.f. = 1 in (XX x XY) matings, d.f. = 2 in XY x ATmatings. 
2) Reciprocal matings combined. 
offspring of 29 Pr LS x LS matings consisted of 4 Pr L, 13 Pr LS and 12 Pr S 
phenotypes (Xjj = 4.724, p < 0.10). Thus the excess of Pr S homozygotes in 
Pr SY x SY offspring might partially be ascribed to the deviation within the 
Pr LS x LS offspring. 
At the transferrin locus the most obvious, but insignificant (p»0.10) 
deviation was an excess of Tf homozygotes from the matings Tf (FY x Y). In 
the offspring distribution of the segregating matings including only the alleles 
Tf and Tf (n = 35), Tf and Tf (n = 12) and Tf and Tf (n = 12) no de-
viations were observed. 
No deviations of the two-allelic loci were observed at the loci Es and Cat. 
For the Al locus, the mating Al FS x S resulted in an excess (p < 0.10) of Al S 
offspring, not observed in the reciprocal mating types. For the Hb locus, the 
pooled reciprocal matings Hb(A x Aa) yielded a shortage (p < 0.10) of Hb A 
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TABLE 5.12. Segregation of albumin (Al), esterase- (Es), haemoglobin (Hb), carbonic anhydrase 
(CA) and catalase (Cat) alleles (see text). 
Locus, 
alleles 
Al F,S 
Es FJ 
Hb A,a 
CA FJ 
Cat F,S 
Mating 
FFxFS 
FSxFF 
FSxFS 
FSx SS 
SSxFS 
FFxFI 
Fix FF 
Fix FI 
Fix II 
II x FI 
AA x Aa 
Aa x AA 
Aa x Aa 
Aa x aa 
aa x Aa 
FI x FI 
Fix II 
II x FI 
FFxFS 
FS x FF 
FS x FS 
FSx SS 
SSxFS 
n 
9 
6 
62 
79 
55 
11 
12 
41 
65 
66 
67 
39 
23 
1 
2 
4 
51 
38 
7 
9 
36 
48 
76 
XX 
obs. 
7 
2 
16 
-
-
7 
8 
13 
_ 
-
28 
16 
5 
_ 
-
0 
_ 
-
. 3 
5 
9 
__ 
-
exp. 
4.5 
3.0 
15.5 
_ 
-
5.5 
6.0 
10.3 
_ 
-
33.5 
19.5 
5.8 
-
-
1.0 
_ 
-
3.5 
4.5 
9.0 
_ 
-
Offspring1) 
XY 
obs. 
2 
4 
33 
26 
31 
4 
4 
22 
32 
29 
39 
23 
11 
1 
0 
2 
19 
18 
4 
4 
16 
18 
45 
exp. 
4.5 
3.0 
31.0 
39.5 
27.5 
5.5 
6.0 
20.5 
32.5 
33.0 
33.5 
19.5 
11.5 
0.5 
1.0 
2.0 
25.5 
19.0 
3.5 
4.5 
18.0 
24.0 
38.0 
obs. 
-
-
13 
53 
24 
-
-
6 
33 
37 
-
-
7 
0 
2 
2 
32 
20 
-
-
11 
30 
31 
YY 
exp. 
-
-
15.5 
39.5 
27.5 
-
-
10.2 
32.5 
33.0 
-
-
5.7 
0.5 
1.0 
1.0 
25.5 
19.0 
-
-
9.0 
24.0 
38.0 
Y 2 
-
-
0.548 
8.556** 
0.654 
0.364 
0.750 
2.610 
0.000 
0.742 
1.429 
0.924 
0.617 
-
— 
- • 
2.824(*! 
0.026 
-
— 
0.667 
2.520 
2.224 
} 
) 
} 
} 
} 
} 
} 
x? 
comb.2) 
0.266 
2.694 
1.566 
0.488 
2.726(* 
2.202 
0.008 
') In X2 test: d.f. = 1 in (XX x XY) matings, d.f. = 2 in XY x XYmatings. 
2) Reciprocal matings combined. 
Significance: <*» = p < 0.10, ** = p < 0.01. 
offspring. At the CA locus an excess of CA I homozygotes was observed 
(p < 0.10) resulting from CA FI x I matings. 
Relation between segregational deviations and maternal geno-
type ,. . 
Some of the deviations were observed to have the same direction in reci-
procal mating types, others were in the opposite direction. Therefore a possible 
relation between maternal genotype and direction of deviation was investiga-
ted, not only within the loci where this phenomenon occurred significantly. 
The result is presented in Table 5.13. For all loci the mating results were 
pooled according to the dams' genotypes (homozygous against heterozygous 
for any allele). In the offspring of dams, homozygous for a certain allele, 
almost significant excesses of like-dam homozygotes were observed at the 
loci Al, CA and Cat. When all loci were pooled the resulting excess was fully 
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TABLE 5.13. Segregational ratios in relation to maternal genotype. 
Locus 
Pr 
Tf 
Al 
Es 
Hb 
CA 
Cat 
Total 
Dam homozygous 
number of foals 
observed 
hom. 
22 
16 
55 
41 
16 
32 
35 
217 
het. 
16 
11 
30 
36 
24 
19 
22 
158 
exp.1) 
hom., 
het. 
19.0 
13.5 
42.5 
38.5 
20.0 
25.5 
28.5 
187.5 
X\ 
0.658 
0.592 
6.776** 
0.208 
1.226 
2.824(*> 
2.526(*) 
8.970** 
Dam heterozygous 
number of foals 
observed 
hom. 
178 
233 
60 
63 
42 
22 
54 
652 
het. 
187 
221 
66 
55 
50 
20 
65 
664 
exp.1) 
hom., 
het. 
182.5 
227.0 
63.0 
59.0 
46.0 
21.0 
59.5 
658.0 
M 
0.176 
0.266 
0.148 
0.416 
0.532 
0.024 
0.840 
0.092 
') Expected numbers of homozygotes and heterozygotes, based on 1:1 ratio. 
Significance: <*> = p < 0.10, ** = p < 0.01. 
significant (p < 0.01). The only locus not contributing to this result was 
haemoglobin. In the offspring of heterozygous dams no such deviations were 
observed for any locus. 
5.3.3. Conclusions 
The most obvious deviations in the distribution of offspring genotypes were 
related to their mothers' genotype, which held especially for the loci Al, CA and 
Cat and consisted of an excess of like-dam homozygotes, observed after pooling 
all loci. Only at the haemoglobin locus was a shortage of homozygotes observed. 
The deviations at the prealbumin locus seemed to promote the frequency of the 
high frequency allele Pr^ and reduce that of Pr1 and PrN irrespective of the 
genotypes involved. 
5.4. DISCUSSION ON DEVIATIONS OF GENETIC EQUILIBRIUM AND IN SEGREGATION 
Deviations from the distribution of genotypes with reference to genetic 
equilibrium and segregational ratios are discussed below. They are summarized 
in Table 5.14, including tendencies of deviation as an aid in the explanation of 
the result after pooling of loci. The present discussion serves to evaluate the 
direct results on genotype ratios as a basis for Chapter 6. In advance a remark 
on the present material is made. The foals can be considered as the most 
randomly chosen material. The sires and dams depended on their sample. 
Ihus a bias may have been introduced by including only adult stallions and 
mares based on succesful matings. This aspect of fertility may have influenced 
especially the mares involved in the material as dams 
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Relation between genetic equilibrium and segregation 
Both segregating and non-segregating matings in any generation contribute 
to the genotype constitution in the next generation, based on the frequencies 
of occurrence of both. A deviation in segregation might lead to a deviation in 
equilibrium genotype distribution relative to chance expectations. In my 
material such a relation may especially be expected in the foal material. 
Table 5.14 shows that significant deviations in segregation were not reflected 
as a deviation from equilibrium genotypes. Furthermore the deviations in Pr 
segregation were not related to the deviations from equilibrium in foals (Section 
5.3.2). When deviations in sires and dams were considered as well in the 
comparison, only for Hb were the same tendencies (shortage of homozygotes) 
observed in both approaches. For Al, opposite tendencies of deviation occurred 
in segregation and equilibrium distribution. They may be explained by the 
assumption of different influences in different life stages under conditions of 
breeding that may compensate one another, leading to a balancing mechanism 
with respect to gene frequencies. 
Based on the results at individual loci, we may conclude that there was only 
a significant shortage of Hb homozygotes relative to the chance distribution 
under conditions of genetic equilibrium. In the absence of compensation, for 
instance by a selective advantage of the phenotype Hb A, this deviation would 
promote and stabilize a haemoglobin polymorphism with equal gene fre-
quencies of HbA and Hb". 
The deviations observed after pooling the genotypes of all loci consisted of 
a shortage of homozygosity together with a low homozygosity in dams, and an 
excess of homozygous offspring from homozygous dams in segregation. The 
composition of the sample of dams depended on the occurrence of their off-
spring in the foal sample. Thus the observed excess of foals with a high average 
homozygosity could have led to a shortage of dams with a high average homo-
zygosity. The excess of these foals, however, had not significantly affected the 
average homozygosity in foals. The assumed relation would point to the exis-
tence of a balancing mechanism: dams with a low average homozygosity would 
be more effective in reproduction, dams with a high average homozygosity 
would produce relatively more foals with a high homozygosity. 
This explanation could hold for the albumin locus especially. There was no 
evidence, however, to support this model for other individual loci. There was 
an excess of homozygous foals from homozygous dams especially for albumin, 
carbonic anhydrase and catalase. There was a shortage of homozygous dams 
for transferrin and esterase with a tendency of shortage for albumin and haemo-
globin. The possibly underlying mechanism for the observed deviations will 
be a subject of Chapter 6. 
Conclusion 
In the investigation of genotype distributions at the seven polymorphic loci 
only for one locus (Hb) was there a deviation from the chance expectations 
based on equilibrium conditions. The deviation consisted of a shortage of 
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homozygotes, and occurred only in the foal sample. 
For both segregational and equilibrium genotype distributions there was a 
relative excess of homozygous offspring from homozygous dams, and a 
shortage of homozygous dams relative to the chance expectations under 
equilibrium conditions after pooling all loci. Both deviations might be related. 
en 
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6. D I S C U S S I O N 
In this chapter the genotype distributions and the observed deviations are 
discussed in relation to the breed structure of the Shetland pony population 
and in relation to literature on polymorphism. I shall discuss how far there are 
indications of a balancing mechanism to maintain protein polymorphism in the 
investigated population and in populations with a comparable breeding struc-
ture. 
BREED STRUCTURE OF THE PONY POPULATION 
In Chapter 3 the breeding structure of the Shetland pony population in the 
Netherlands was described. This population is open because of the immigration 
of British stallions. We can conclude from the gene frequencies in stallion 
groups (Section 5.1.2) that immigration led not to the introduction of foreign 
protein variants into the population. Hence the influence of immigration on the 
genetic composition of the population is not essentially different from the use 
of a small number of Dutch stallions, at least for protein polymorphism. 
Meanwhile the low inbreeding coefficient in foals (F = 0.0125) could be 
ascribed to immigration of stallions. From this point of view the population 
is not different from a large closed pony population in which genetic drift and 
selection cause differences in genetic composition between stallions, mares and 
foals. 
In the total population, genetic drift is most important in stallions because 
only a small fraction of all male foals are destined for breeding (Fig. 3.1). In 
each population with emphasis on sires to breed sires (usual in a livestock 
population), the genetic variation depends ultimately on the variation within a 
relatively small group of sires. This causes a decrease of genetic variation in the 
long run (cf. FALCONER, 1960, p. 51). It is intensified by differences in frequency 
of use for breeding between stallions (Table 3.1) and by the concentration on a 
small number of ancestors. Drift is less important in mares. In foals there is a 
difference in the importance of drift between males and females because only a 
limited number of males are entered into the studbook's foal register, resulting 
in a ratio of males: females of 1:2 (Section 4.1). 
Both artificial selection (e.g. for height, conformation and colour traits) and 
natural selection (i.e. for fitness) act upon the pony population. Artificial 
selection in stallions, mares and foals is done by breeders and the studbook 
organization. This may largely contribute to gene frequency shifts. Natural 
selection is less important in stallions. The average fitness of those, selected for 
breeding may not differ essentially from the average fitness of the others. 
The mares are most subject to selection for viability and fertility. In foals only 
selection for viability is likely. 
" ° Meded. Landbouwhogeschool Wageningen 76-4 (1976) 
In my material an extra element of sampling and selection was introduced. 
A relatively small fraction of mares and foals (about 3.5%) was sampled 
compared with the fraction of stallions (about 65%). These mares had succes-
fully foaled in the year of sampling. 
Genetic drift in males can especially contribute to gene frequency differences 
between sires and dams. Table 5.2 shows such differences at 4 out of 7 loci, but 
these may partly be caused by the sampling in dams in my material. A difference 
in gene frequencies between sires and dams can cause an excess of heterozygotes 
in the offspring. This excess was negligible (Table 5.6). If the difference is 
caused by an opposite direction of selection in males and females (cf. ALLAN, 
1954, on human blood groups; Section 2.1.4), it may contribute to the main-
tenance of polymorphism. Different sampling and selection in males and 
females may also lead to a different average homozygosity. In my material the 
average homozygosity based on the seven protein systems was not significantly 
different between sires (Ho = 0.56) and dams (Ho = 0.53) as calculated from 
Table 5.5. Whether drift or selection influenced the protein polymorphism in 
my material could not be revealed. Sampling over more generations may 
contribute to describe their effects. 
An aspect of the breeding structure of a livestock population is a possible 
subdivision of the total breeding area. This causes a larger genetic drift within 
regions than would occur under conditions of random mating in the total area. 
Migration between regions may compensate for the increase of homozygosity 
within regions. 
Breeding regions were distinguished in the pony population (Fig. 3.3). Most 
migration consisted of emigration of stallions from the centre to the periphery 
(Table 3.6), and could thus not contribute to the maintenance of polymorphism 
in the total area. The genetic variation in the population depends therefore lar-
gely upon the breeding in the central regions, which emphasizes the importance 
of genetic drift. 
The subdivision in my material was relevant for the investigation of genetic 
equilibrium distributions. There were differences in gene frequencies between 
regions (Tables 5.2 and 5.4) leading to an increase of the expected numbers of 
homozygotes in the total area. The increases ranged from 0-8% per locus with 
an average of about 2% and influenced the final result considerably (Table 5.9). 
This influence indicated the need for a thorough analysis of the breed structure 
of a population before studying genetic equilibrium distributions. This was 
also demonstrated by SCHLEGER and Soos (1970) in their research on protein 
polymorphism in Lipizzaner horses (Section 2.3.2). RASMUSEN and TUCKER 
(1973) also stated that such information would have been a help to explain the 
genotype distributions observed for transferrin in sheep (Section 2.2.2). 
We can conclude that knowledge of the breed structure and its use is neces-
sary for a correct interpretation of genotype distributions in a population. 
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DEVIATIONS OF GENOTYPE DISTRIBUTIONS IN RELATION TO LITERATURE ON 
HORSE PROTEIN POLYMORPHISM AND TO PROTEIN FUNCTIONS 
The aim of my study was concerned with maintenance of polymorphism by 
selection. Selection can be expressed as deviations from genotype distributions 
expected by chance. In my material such deviations were observed at different 
levels, that of individual loci and that of average homozygosity after pooling 
of loci. In literature on protein polymorphism in farm animals (including 
horses) loci are dealt with separately. The observed deviations will therefore 
first be discussed at the locus level. 
Literature on horse protein polymorphism deals with genotype distributions 
based on equilibrium conditions and in segregation. The evaluation of equi-
librium distributions may be biassed by stratification of the populations 
concerned as was shown in my study (Section 5.2.2). In the evaluation of 
segregational distributions another problem arises. The results may depend 
upon the life stage of the animals concerned. Sampling and selection can be 
expected to exert different influences during different life stages. If segregational 
results are derived from offspring, sampled at an older age, selection for fertility 
in such material may contribute to the results. Thus also in the evaluation of 
segregational data, knowledge about the sample is required. Hence a com-
parison of my results with literature data may have a limited value, and the 
same holds for a mutual comparison of literature data. The data on poly-
morphism in Shetland ponies are scarce, as they are for most other horse breeds 
(Tables 2.1 and 2.2). 
In my material there was an excess of homozygous Al genotypes (Table 5.14). 
In literature most deviations were also reported for segregation at the Al locus 
(Table 2.3), consisting mainly of a shortage of homozygotes. The excess of 
homozygotes in one breed was independent of the dams' genotype and might 
have another cause than the deviation in my results. Table 5.14 shows also an 
excess of Hb heterozygotes with respect to genetic equilibrium (and the same 
tendency in segregation). In literature (Table 2.2) also an excess of Hb hetero-
zygotes was reported in segregation. No explanations of the deviations at the 
Al and Hb loci have been given. Knowledge on the functions of the proteins 
involved may be helpful in their explanation. 
There is knowledge of the physiological functions of most proteins involved 
in this study (Section 2.3.1). Deviations from expected genotype distributions 
occurred in proteins of the serum and the red cells. The number of proteins 
included was too low to draw conclusions about a relation between degree of 
polymorphism or deviations, and proteins classified as enzymes or non-
enzymes (cf. SELANDER and YANG, 1969; p. 18). 
The most obvious deviations were observed for albumin. It combines with 
various compounds which may be present in the serum. There is no evidence on 
differences in combining capacity between its variants in horse serum. If there 
were such differences they could contribute to the maintenance of polymor-
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phism as shown by FRELINGER (1972) for transferrin polymorphism in pigeons. 
Transferrin in pigeons is controlled by two codominant, autosomal alleles, 
found with nearly equal frequencies in many populations. FRELINGER observed 
that the heterozygous transferrin type inhibited the growth of yeast better than 
the homozygous type. Yeast is an ion-dependent organism and the observed 
differences were ascribed to a difference in iron-combining capacity between 
the variants. Thus a superior fungistatic effect resulted, which contributed to 
the maintenance of Tf polymorphism in pigeons. The relevance of this obser-
vation to albumin polymorphism lies in albumin's capacity to combine with 
metal ions. 
The deviation for haemoglobin may be connected with the function of 
haemoglobin to combine with oxygen. There is no evidence on differences in 
oxygen-binding capacity between horse haemoglobin variants. In humans, 
KING and JUKES (1969; Section 2.4.2) reported no differences in function 
between haemoglobin variants. If there would be a selective advantage for the 
heterozygous phenotype (in horses), then the observed excess may be explained 
as resulting from heterozygous superiority. Then in turn another mechanism 
was required to cause the higher frequency of HbA in the population. Apart 
from that the frequency of Hb" is remarkably high in the Shetland pony popu-
lation as compared with other breeds (cf. references in Table 2.2). 
The functions of proteins gave no indications about the observed deviations. 
Tables 5.9 and 5.13 show that the most obvious deviations were observed after 
pooling of genotypes over loci. Thus a relation between any special protein 
and the deviations is less likely. As far as I know there are no data on linkage 
between these loci. 
OPPOSITE DEVIATIONS IN EQUILIBRIUM DISTRIBUTIONS AND 
SEGREGATIONAL RATIOS 
Tables 5.9 and 5.13 showed opposite deviations from average homozygosity 
in genetic equilibrium distributions and segregational ratios. The average 
homozygosity was less than expected with equilibrium in dams and more than 
expected in segregation in foals. 
A coherence between these opposite deviations was suggested (Section 5.3.2), 
involving selection for fertility. The possibly underlying mechanism for the 
excess of like-dam homozygous foals, and as a consequence for the shortage 
of homozygous dams in the sample, will be discussed. 
The excess of foals with a high average homozygosity from dams with a high 
homozygosity indicated the possibility of mother-foetus incompatibility (or 
reduced compatibility). ASHTON (1959) suggested such a mechanism to explain 
the deviations in transferrin segregation in cattle (p. 10). It should depend on 
the production of maternal antibodies after transplacental isoimmunization 
of the dams by foetal antigens. BRUMMERSTEDT-HANSEN (1962) investigated 
whether cattle transferrin variants were immunologically different and ob-
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served no such differences. He concluded that the deviations in Ashton's 
results were most likely not due to mother-foetus incompatibility for trans-
ferrin. Moreover ASHTON observed an excess of like-dam offspring hetero-
zygous for transferrin. This excess can not depend upon immunological in-
compatibility because an homozygous transferrin type in the foetus is not 
considered as foreign by a heterozygous dam. KRAAY (1970) observed a shor-
tage of offspring, heterozygous for the blood group factor F, from cows homo-
zygous for F in three Canadian cattle breeds. He also suggested mother-foetus 
incompatibility to explain this shortage. Although in this case, this explanation 
is more probable than in ASHTON'S results, the underlying mechanism was not 
further explored. 
FRANKS (1961) described mother-foetus incompatibility in horses caused by 
different red cell antigen types in mother and foetus. The difference can lead 
to transplacental isoimmunization of the mare and result in neonatal erythro-
lysis in the foal after birth, by antibody ingestion with the colostrum. There was 
immunological evidence for this mechanism in horses. There is, however, no 
evidence for immunological differences between the protein variants in this 
study, nor for linkage between loci coding for polymorphic proteins and red 
cell antigens. If especially albumin was connected with incompatibility in horses, 
the observed shortage of heterozygotes in my results may be expected in other 
breeds as well. However, most deviations in segregation were shortages of 
homozygotes (Table 2.3). 
Incompatibility need not be restricted to the combination of mother and 
foetus, but it may also depend on antigenic properties of sperm and seminal 
plasma. MATOUSEK (1970) reviewed the literature on the role of antigenic 
substances in the fertility of farm animals. He concluded that although such 
antigens had been observed in various species, they could not play an important 
role in fertility. 
Altogether there is no evidence for incompatibility in my results, which might 
have contributed to a causal explanation of the opposite deviations. Also in the 
absence of such a connection, the magnitude of the deviations may balance 
each other. 
The shortage of homozygosity in dams was more than 4% of the expected 
homozygosity. The excess of homozygosity in foals from dams with a high 
homozygosity was 16% when considered within offspring of those dams. If 
considered over all foals it amounted to only 2%. Thus the opposite excesses 
may balance each other quantitatively to some extent. The validity of such a 
comparison, however, is affected because the foals were less selected than the 
older stallions and mares. The absence of a deviation from homozygosity in the 
sires also reduced the total effect of deviation in the dams. Although several 
significant deviations from expected genotype distributions could be observed, 
their net effect on the breeding population is negligible. 
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MAINTENANCE OF POLYMORPHISM IN THE PONY POPULATION 
The study of genotype distributions could only serve to detect the result of 
two kinds of selectional forces to maintain polymorphism: heterozygous 
advantage and frequency-dependent selection (Section 2.1.2). Frequency-
dependent selection as a means to maintain genetic polymorphism can be 
expressed as an excess of homozygotes of low-frequency alleles. Such excesses 
were not observed (Section 5.2.2). An excess of heterozygotes was observed in 
dams. The cause of this excess could not be revealed with the present material. 
A relation with fertility was suggested, because in mares and especially in the 
dams in my material selection for fitness was more important than in stallions 
or foals. In the case of selection, linkage with other loci or pleiotropy might 
explain the observed result (cf. GILMOUR, 1959). 
The observed excess may contribute to the maintenance of protein poly-
morphism. Its effect was reduced by opposite deviations in foals, and at least 
not supported by a comparable deviation in stallions. Therefore it is not likely 
that gene frequency changes caused by genetic drift are compensated for under 
the present conditions. 
COMMENTS ON RESEARCH OF PROTEIN POLYMORPHISM IN FARM ANIMALS 
The present study demonstrated that the investigation of genotype distribu-
tions in an animal population, even with a random sample and including the 
population structure and various loci at the same time, can provide no evidence 
for the causes and consequences of the polymorphic variation. Section 2.2 
has shown that many studies on protein polymorphism in farm animals, where 
often the above conditions are not fulfilled, have this same inventorial character. 
As was shown in Section 2.4 the study of polymorphism in animal popula-
tions other than livestock follows other approaches. An important issue is the 
synchronous investigation of many loci, leading to the concepts of rate of 
polymorphism and average heterozygosity (LEWONTIN and HUBBY, 1966; 
LEWONTIN, 1967; SELANDER and YANG, 1969; AYALA et al, 191 A). Thus a 
relation between polymorphism and (certain) enzymes was revealed, and the 
dependence of enzyme polymorphism on environment (GILLESPIE and LANG-
LEY, 1974). . 
Until now, the study of enzyme polymorphism m farm animals trom a 
population genetic point of view has been paid little attention, compared w l t n 
the study of serum proteins and haemoglobin. MCDERMID et al. (1975) re-
viewed electrophoretic variation in red cell enzymes in farm animals, and 
described at least 40 enzymes controlled by over 50 genetic loci. They stated 
that this variation is promising for further co-ordinated research on enzyme 
polymorphism in farm animals. Some applications of the study of these poly-
morphisms may provide a link with the study of polymorphism in other 
animals: ecological and biochemical evolution, estimates of the level ot nomo-
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zygosity in populations and studies of metabolic pathways in relation to sub-
strate specificity of polymorphic enzymes. 
The study of a particular protein or enzyme may also elucidate the causes 
of the maintenance or revelance of polymorphism (Section 2.4.3). Artificial 
gene frequency disturbations done by KOJIMA and YARBROUGH (1967) were 
especially effective in the investigation of selection for polymorphism. Also 
the experiments of KOJIMA and TOBARI (1969) on substrate dependence 
connected with selection contributed to the understanding of a mechanism for 
polymorphism maintenance. 
In farm animals such experiments are not readily performed, and the study 
of polymorphism in farm animals is likely to retain its descriptive nature. This 
limits its capacity to explain the function of polymorphism. 
The deviations observed in my study could have opposite effects on the 
maintenance of polymorphism. Several remarks can be made about this ob-
servation. Firstly, in these studies it is important to investigate genotype 
distributions at various levels. Their pooled effect can differ from the influence 
of only one type of deviation. Secondly, extension of such studies towards 
more profound information on genotype distributions in various life stages 
probably results in the detection of more deviations, whether or not compensa-
tory, which do not really contribute to the understanding of the nature of poly-
morphism. 
The comparative examination of various loci in the same material may be 
promising in farm animals, as it was already in other species, to reveal aspects 
of polymorphism (see Section 2.4). In farm animals such studies may be used 
to detect which loci should be studied further, as was demonstrated, for 
instance, by RASMUSEN et al. (1974) in their observation of an exceptional 
behaviour of transferrin in inbreeding of sheep (Section 2.2.2). 
CONCLUSION 
This study revealed deviations from genetic equilibrium distributions and 
expected segregational ratios for polymorphic proteins in a population of 
Shetland ponies. The population has the breeding structure of a livestock po-
pulation but with less artificial selection for quantitative traits. The inclusion 
of the breeding structure of the population and pooling of genotypes of all 
investigated loci contributed to the detection of deviations. The deviations were 
concerned with blood serum and red cell proteins (enzymes and non-enzyme 
proteins). They were parallel in most proteins and appeared after pooling of 
loci. There was no evidence for the deviations from genetic equilibrium being 
caused by positive heterotic selection, connected with fitness. At the same time 
deviations were compensated by an excess of homozygosity in segregation. The 
net effect of deviations resulted in apparent neutrality of the involved poly-
morphisms. 
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The following conclusions were drawn about the distributions of genotypes 
and their role in the maintenance of polymorphism: 
- The distributions of genotypes of polymorphic blood proteins in a popu-
lation of Shetland ponies deviated from those expected by chance. 
- Deviations from genetic equilibrium (excess of heterozygotes) and in segre-
gation (excess of homozygotes) were opposite and could balance each other. 
- The deviations had the same direction in most protein systems studied. Their 
causes could not be revealed. 
- The net apparent effect of neutrality in most protein systems could not 
actively contribute to the maintenance of protein polymorphism in the 
population. 
In a livestock population artificial selection for quantitative traits is more 
important than in the pony population where more emphasis is on natural 
selection. Therefore in farm animals the possible stabilizing influence of 
deviations like those observed in this study on the maintenance of polymor-
phism, will be even less than that in the pony population. 
The study of protein polymorphism on population genetic level in farm 
animals is used to describe changes in the genetic composition of livestock 
populations. In this approach the simultaneous use of various protein poly-
morphisms, and the concept of average homozygosity is promising. 
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7. SUMMARY 
Genetic variation of proteins (protein polymorphism) is widespread among 
many animal species. The biological significance of protein polymorphism 
has been the subject of many studies. This variation has a supporting function 
for population genetic studies as a source of genetic markers. In farm animals 
it is used in population genetics and in parentage control, mostly together with 
blood group polymorphism. 
In this study polymorphism of blood proteins in a population of Shetland 
ponies was investigated to search for (natural) selection contributing to the 
maintenance of protein polymorphism. Genotype distributions were studied 
in relation to genetic equilibrium and segregation. The pony population served 
as a model for a population with the structure of a livestock population but 
with less artificial selection for quantitative traits. In horses and especially in 
Shetland ponies there is a high level of blood protein polymorphism. 
A random sample of 280 foals and their parents was used. The structure of 
the population was included to yield an unbiassed estimate of the genotype 
distributions expected under genetic equilibrium conditions. Seven protein 
systems were investigated (prealbumin, transferrin, albumin, esterase, haemo-
globin, carbonic anhydrase and catalase). They are controlled by alleles at 
autosomal loci, almost exclusively being codominant. The protein variants 
were distinguished with starch gel electrophoresis, a traditional procedure for 
this purpose (Chapter 4). Some of the methods used in the typing of protein 
variants were modified to increase their resolving power and reliability. 
Chapter 2 describes literature on the biological significance of genetic 
polymorphism (proteins and blood groups) in various animal species. A crucial 
question is whether polymorphism is subject to selection. There are theoretical, 
inventorial and experimental approaches. 
Only a few links exist between polymorphism research in farm animals and 
in other species. The study of polymorphism in farm animals was stimulated 
by the search for relations between protein variants and production traits. 
Although such relations were observed, especially connected with reproduction, 
no definite conclusions could be drawn. The results with different breeds 
were contradictory, and there was a lack of data on the structures of populations 
sampled. In horses deviations from expected genotype distributions in blood 
protein systems were scarce and consisted mainly of excesses of albumin hetero-
zygotes in segregation. 
In theoretical approaches neutrality of protein polymorphisms was empha-
sized. Recent observations revealed a large-scale and quantitatively comparable 
rate of polymorphism in various species (Drosophila, mouse, man) with compar-
able degrees of average heterozygosity for proteins, including enzymes. 
Experiments on enzyme polymorphism contributed to the understanding of 
selection in the maintenance of polymorphism. For a long time heterozygous 
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advantage had been considered as most important in this respect. More 
recently other selectional mechanisms (e.g. frequency-dependent selection) 
have been proposed as effective in the maintenance of polymorphism. 
In my study the population structure was included for a valid evaluation of 
the results. Because no quantitative description of the structure of the Shetland 
pony population was available, this structure was investigated. 
Chapter 3 describes the breeding structure of the Shetland pony population 
in the Netherlands. This population includes almost 9,000 mares and about 
220 stallions. It was only recently closed except for immigration of British 
ponies. Two stallions had been especially important: Bartje, born in 1945 and 
the British stallion Spotlight of Marshwood, imported in 1956. They had an 
average genetic relation of 0.07 and 0.10 to the foals born in 1973. The breeding 
area was subdivided into two central regions and four peripheral regions to 
investigate the geographical structure of the population. At least 69% of all 
stallions migrated during their lifetime to a region other than where they were 
born, mainly from the centre to the periphery. They were almost exclusively 
used within the regions in which they were situated. The concept of breeding 
regions was checked with the gene frequencies of protein systems and used in 
the evaluation of genotype distributions. 
The average inbreeding coefficient of foals, born in 1973 was 0.0125, this 
estimate being based on pedigrees in 5 generations. Inbreeding via Bartje 
contributed 10% to this figure and the contribution via Spotlight was 29%. 
The relatively low inbreeding coefficient could be explained by the open 
character of the breeding population, including the import of British stallions 
after 1954. 
Chapter 5 gives the results on protein polymorphism. Before the investiga-
tion of genetic equilibrium and segregation, gene frequencies were analysed. 
This analysis was done because a stratification in the material caused by more 
or less isolated breeding regions may influence the genotype distributions 
expected over the total breeding area. Also gene frequency differences between 
parents may influence these distributions. Gene frequencies for all protein 
systems were calculated separately in all breeding regions for foals sires and 
dams. There was no homogeneity in their distribution over the total area tor 
foals at 5 loci, for sires at 3 loci and for dams at 2 loci. The differences were not 
associated with the stallions' migration pattern. Based on the differences tne 
expected genotype distributions were calculated separately for each region 
and pooled afterwards in the investigation of genetic equilibrium This pro-
cedure led to an increase in the expected numbers of homozygous of about 2 / 
which proved to exert a significant effect upon the final result There: were also 
gene frequency differences between the foals' parents, possibly leading to an 
excess of heterozygotes in the foals. This excess was estimated but proved to 
be negligible (i.e. on average < 1%). , • , • , •„„ 
The investigation of genotype distributions included genetic equilibrium 
77 
Meded. Landbouwhogeschool Wageningen 76-4 (1976) 
and segregation. All loci were considered separately, and moreover the homo-
zygous or heterozygous genotypes of all loci were pooled to estimate the 
observed and expected average homozygosity with equilibrium and in segre-
gation. 
At most loci the observed genotype distributions agreed with the genetic 
equilibrium distributions in foals, dams and sires. There was a significant 
excess of heterozygotes of haemoglobin in dams. In segregation there were 
significant deviations for prealbumin, involving 3 out of 6 prealbumin alleles, 
and for albumin. The deviations in albumin consisted of an excess of homo-
zygous foals from homozygous dams. 
After pooling homozygous or heterozygous genotypes of all seven loci, 
a significant excess of average heterozygosity was observed in dams compared 
with genetic equilibrium, and with segregation a significant excess of homo-
zygosity was found in offspring from dams with a'high homozygosity. A hypo-
thesis was forwarded to connect both types of deviations obtained after pooling 
of loci, but there was no evidence of a link between them. The deviations from 
genetic equilibrium and in segregation were such that they could be considered 
as compensatory. 
Chapter 6 tries to explain the observed deviations. In literature on horse 
protein polymorphism only separate loci are dealt with. The excess of like-dam 
homozygotes in albumin was contradictory to most reported observations, 
where excesses of heterozygotes in segregation of albumin were mentioned. 
An excess of heterozygous offspring for haemoglobin was observed earlier, but 
not in Shetland ponies. There was no apparent relation between the deviations 
and the functions of proteins as far as these were known. 
The deviations in my material might result from selection for fitness, which 
selection is likely to occur in the pony population. Especially the dams in the 
sample could be subject to selection for fertility. The excess of heterozygosity 
in dams may be related with selection for fitness, and might contribute to the 
maintenance of polymorphism. However, there were opposite deviations to 
compensate for this possible selection. 
It was concluded that in most protein systems there were deviations from 
genetic equilibrium distributions or in segregational ratios. The causes of these 
deviations could not be revealed. Their net effect on the maintenance of poly-
morphism was most likely neutral. 
In farm animals artificial selection largely influences the genetic composition 
of populations. The effect of deviations of the nature and magnitude as observed 
in the pony population on the maintenance of polymorphism will be negligible 
in livestock. The study of protein polymorphism in livestock can be used to 
describe changes in genetic composition of populations, for which purpose the 
simultaneous use of various polymorphisms and the concept of average homo-
zygosity may be promising. 
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8. SAMENVATTING 
GENETISCHE POLYMORFIE VAN BLOEDEIWITTEN 
IN EEN POPULATIE SHETLAND PONIES 
Erfelijk bepaalde variatie van eiwitten (eiwitpolymorfie) komt bij alle daar-
toe onderzochte diersoorten voor. Er is veel onderzoek gedaan naar de biolo-
gische betekenis van eiwitpolymorfie. Deze variatie heeft een ondersteunende 
functie in de populatiegenetica als bron van genetische kentekens ('genetic 
markers'). Op het terrein van onderzoek bij landbouwhuisdieren wordt eiwit-
polymorfie gebruikt bij populatiegenetica (b.v. verschuivingen van genfrequen-
ties ten gevolge van de toegepaste fokmethoden) en bij de afstammmgscon-
trole, veelal in combinatie met de polymorfie van bloedgroepen. 
Dit proefschrift handelt over een onderzoek van polymorfe eiwitten uit het 
bloedserum en de erythrocyten in een populatie van Shetland ponies. Het doel 
van de studie was, na te gaan of er vormen van selectie aangetoond konden 
worden die bijdragen tot de handhaving van eiwitpolymorfie. Het onderzoek 
werd uitgevoerd met behulp van de verdelingen van genotypen in de populatie, 
in relatie tot de verdelingen die verwacht werden onder omstandigheden van 
genetisch evenwicht en bij segregatie. De ponypopulatie diende als model voor 
een populatie met de structuur van een landbouwhuisdierpopulatie waann 
echter in mindere mate op kwantitatieve kenmerken geselecteerd werd. Paar-
den en ponies, en met name Shetland ponies, bezitten een uitgebreidere eiwit-
polymorfie dan vele rassen van landbouwhuisdieren. 
Als materiaal diende een steekproef op toevalsbasis van 280 veulens en hun 
ouders. De structuur van de populatie werd bij het onderzoek betrokken om 
een correcte schatting van de verwachte verdeling van genotypen onder gene-
tisch evenwicht te kunnen maken. Er werden zeven eiwitsystemen (verzame-
lingen van varianten, gecodeerd door allelen op een genetische locus) gebruik. 
de serumeiwitten prealbumine, transferrine, albumine err esterase, en de eiwit-
ten haemoglobine, koolzuuranhydrase en catalase uit de J i h l ° ^ ^ 
eiwitsystemen worden gecodeerd door autosomale allelen, die vryweI zonde 
uitzondering codominant zijn. De eiwitvarianten werden onderscheidermet 
behulp van zetmeelgel-electroforese, een hiertoe algemeen gebruike tedmiek 
(Hoofdstuk 4). Enkele van de gebruikte methodieken om bepaalde w*™™* 
ten aan te tonen werden gemodificeerd om hun onderscheidingsvermogen en 
de betrouwbaarheid te vergroten. u„t™»ffV»nHe 
In Hoofdstuk 2 wordt een kort overzicht gegeven yan literatuu **®g£ 
de biologische betekenis van eiwit- en bloedgroeppolymorfie Het « e e n kern 
vraag, of polymorfieen al dan niet onderhev.g zijn aa^s^ t lentfneZaelsVr;ae^ 
wordt benaderd vanuit theoretische en experimentele gezichtspunten, alsmede 
door veldonderzoek. 
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Het onderzoek van polymorfie bij landbouwhuisdieren werd gestimuleerd 
door de mogelijkheid van relaties tussen eiwitvarianten en zgn. produktie-
kenmerken. Hoewel er dergelijke relaties werden aangetoond, met name be-
treffende vruchtbaarheid (afwijkende verhoudingen van genotypen bij segre-
gate) konden er geen algemeen geldige conclusies worden getrokken door de 
vele tegenstrijdigheden. Deze werden veroorzaakt doordat verschillende rassen 
bij zulk onderzoek waren betrokken, en door gebrek aan kennis van de onder-
zochte populaties waardoor afwijkingen van de verwachte genotypen verhou-
dingen niet steeds afdoende verklaard konden worden. Bij paarden vond men 
slechts incidentele afwijkingen van volgens toeval verwachte verhoudingen van 
genotypen voor eiwitvarianten. Deze bestonden grotendeels uit een teveel aan 
heterozygoten voor albumine bij segregatie. 
De theoretische benaderingen leidden veelal tot de conclusie dat eiwitpoly-
morfie niet of nauwelijks aan selectie onderworpen zou zijn. Recent onderzoek 
leidde tot de ontdekking van een uitgebreide en in kwantitatief opzicht verge-
lijkbare polymorfie van eiwitten en enzymen bij Drosophila, de muis en de 
mens. Ook werd een overeenkomstige mate van heterozygotie geconstateerd. 
Een experimentele benadering van enzympolymorfie droeg bij tot de begrips-
vorming omtrent de aard van selectieve invloeden bij de handhaving van poly-
morfie. Gedurende lange tijd werd een selectief voordeel van heterozygoten 
aangenomen als meest belangrijk in dit opzicht. Er bleken echter meer moge-
lijkheden te zijn (b.v. frequentie-afhankelijke selectie) die de handhaving van 
polymorfie en het belang daarvan konden verklaren. 
In het hier beschreven onderzoek werd de structuur van de populatie betrok-
ken om de resultaten t.a.v. de genotypenverdelingen juist te kunnen interpre-
teren. Omdat er geen kwantitatieve beschrijving van de structuur van de 
Shetland ponypopulatie in Nederland beschikbaar was, werd de structuur 
onderzocht. Deze wordt beschreven in Hoofdstuk 3. 
De huidige populatie omvat bijna 9000 fokmerries en ca. 220 fokhengsten. 
De populatie werd pas onlangs gesloten, waarbij een uitzondering gemaakt 
wordt voor uit Engeland gei'mporteerde ponies (vnl. hengsten). Twee hengsten 
hebben een grote invloed gehad op deze fokkerij: Bartje, geboren in 1945 en 
Spotlight of Marshwood, uit Engeland geimporteerd in 1956. Deze hengsten 
hebben een genetische relatie tot de veulens, geboren in 1973 van 0.07 resp. 0.10. 
Bij dit onderzoek werd het totale fokgebied onderverdeeld in twee centrale 
en vier perifere fokgebieden, om de geografische structuur van de populatie te 
onderzoeken. Tenminste 69% van de fokhengsten verhuisde gedurende hun 
leven naar een ander gebied dan dat waarin zij geboren waren, en deze migratie 
vond vooral plaats vanuit het centrum naar de periferie. De hengsten werden 
voornamelijk binnen hun eigen gebied gebruikt. Het gebruikte patroon van 
fokgebieden werd gecontroleerd met behulp van de genfrequenties van de 
eiwitsystemen en gebruikt voor de evaluatie van genotypenverdelingen. 
De gemiddelde inteeltcoefficient van veulens, geboren in 1973 was 0.0125, 
geschat met behulp van afstammingsgegevens over 5 generaties. De inteelt via 
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Bartje bedroeg 10% van de totale inteelt, die via Spotlight 29%. De betrekkelijk 
lage inteeltcoefficient kan verklaard worden uit het langdurig open karakter 
van de fokkerij en vooral door de import van Engelse hengsten na 1954. 
In Hoofdstuk 5 wordt het resultaat van het onderzoek van eiwitpolymorfie 
beschreven. Voorafgaande aan het onderzoek van genetisch evenwicht en 
segregatie werd de verdeling van de genfrequenties van de eiwitvarianten on-
derzocht. Verschillen in genfrequenties tussen fokgebieden kunnen leiden tot 
een verkeerde schatting van de verwachte genotypenverdeling in het totale 
gebied. Ook verschillen in frequenties tussen de ouders van de onderzochte 
dieren kunnen deze schatting be'invloeden. 
De frequenties voor alle eiwitsystemen werden apart berekend voor de veu-
lens, hun vaders en hun moeders. Bezien over het totale fokgebied was er 
heterogeniteit in de verdeling, bij veulens voor 5 loci, bij de vaders voor 3 loci 
en bij de moeders voor 2 loci. De verschillen tussen fokgebieden vertoonden 
geen verband met het migratiepatroon van de hengsten. Wegens deze verschil-
len werden de verwachte genotypenverdelingen berekend per fokgebied en 
daarna samengevoegd tot de verwachte verdeling over het totale gebied, voor 
het onderzoek naar genetisch evenwicht. De gevolgde procedure leidde tot een 
verhoging van de verwachte aantallen homozygoten van ca. 2%, wat een be-
langrijke consequentie had voor het uiteindelijke resultaat. Ook waren er ver-
schillen in frequenties tussen de ouders van de veulens, wat zou kunnen leiden 
tot een relatief teveel aan heterozygoten bij de veulens. Dit teveel bleek echter 
verwaarloosbaar te zijn (gemiddeld < 1%). 
Het onderzoek van genotypenverhoudingen omvatte de verdelingen onder 
genetisch evenwicht en bij segregatie. Alle onderzochte loci werden apart 
beschouwd, en bovendien werden de homozygoten resp. heterozygoten van 
alle loci samengevoegd wat leidde tot een schatting van de gemiddelde homo-
zygotie resp. heterozygotie. Ook daarvan werden de eventuele afwijkingen 
ten opzichte van genetisch evenwicht en bij segregatie onderzocht. 
Voor de meeste loci waren er geen afwijkingen van de gevonden geno-
typenverdelingen met die, verwacht onder genetisch evenwicht, zowel bij de 
veulens als bij hun ouders. Er was alleen een significant teveel aan heterozygoten 
voor haemoglobine bij de moeders. Bij de segregatie werden alleen significante 
afwijkingen gevonden voor prealbumine, waarbij 3 van de 6 prealbumine 
allelen betrokken waren, en voor albumine. De afwijkingen voor albumine 
bestonden uit een teveel aan homozygote veulens, geboren uit homozygote 
moeders. 
Na samenvoeging van alle zeven loci bleek er een significant teveel aan 
gemiddelde heterozygotie op te treden bij de moeders ten opzichte van de ver-
wachte heterozygotie onder genetisch evenwicht. Bij segregatie werd een 
significant te hoge homozygotie gevonden bij nakomelingen van moeders met 
een hoge homozygotie. Er werd een hypothese gesteld ter verklaring van een 
mogelijke samenhang tussen beide typen van afwijking, maar het bleek niet 
mogelijk een samenhang te bewijzen. De grootte van beide tegengestelde af-
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wijkingen was zodanig dat ze elkaar konden compenseren. 
In Hoofdstuk 6 wordt getracht de gevonden afwijkingen van genetisch even-
wicht en bij segregatie nader te verklaren. In literatuur over eiwitpolymorfie 
bij paarden werden alleen resultaten, gevonden voor individuele loci, behan-
deld. Het gevonden teveel aan homozygoten voor albumine was in tegenspraak 
met de meeste eerder vermelde resultaten, waar tekorten aan homozygoten 
voor albumine gevonden werden. Het in dit onderzoek gevonden teveel aan 
heterozygoten voor haemoglobine was conform een eerder gerapporteerd 
teveel, overigens niet bij Shetland ponies gevonden. De afwijkingen konden 
niet verklaard worden vanuit de functies van de eiwitten, voor zover deze be-
kend waren. 
De afwijkingen van genotypenverdelingen zouden het resultaat kunnen zijn 
van natuurlijke selectie. Vooral bij de moeders van veulens in de steekproef 
zou selectie op vruchtbaarheid een belangrijke rol spelen. Het teveel aan 
heterozygoten bij de merries kan bijdragen tot de handhaving van polymorfie. 
Er werden echter ook tegengestelde afwijkingen gevonden. 
Uit dit onderzoek werden de volgende conclusies getrokken. Voor de meeste 
eiwitsystemen waren er afwijkingen in de verdelingen van de genotypen, ver-
wacht onder genetisch evenwicht en bij segregatie. De oorzaken van deze af-
wijkingen konden niet verklaard worden. Het netto effect van de afwijkingen 
op de handhaving van genetische polymorfie was neutraal. 
De genetische samenstelling van een populatie van landbouwhuisdieren 
wordt in belangrijke mate bei'nvloed door kunstmatige selectie. In zulk een 
populatie zou het effect van de geconstateerde afwijkingen op de handhaving 
van polymorfie verwaarloosbaar zijn. Omgekeerd is de bestudering van eiwit-
polymorfie in populaties van landbouwhuisdieren zinvol om veranderingen in 
hun genetische samenstelling te volgen, temeer als daarbij gebruik wordt ge-
maakt van meerdere genetische systemen tegelijkertijd en van het begrip 
'gemiddelde homozygotie' wat daaraan verbonden kan worden. 
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